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PREFACE 
Water r e s o u r c e  sys tems have been an i m p o r t a n t  p a r t  o f  
r e s o u r c e s  and envi ronment  r e l a t e d  r e s e a r c h  a t  IIASA s i n c e  i t s  
i n c e p t i o n .  A s  demands f o r  w a t e r  i n c r e a s e  r e l a t i v e  t o  s u p p l y ,  
t h e  i n t e n s i t y  and e f f i c i e n c y  o f  w a t e r  r e s o u r c e s  management must 
b e  developed f u r t h e r .  T h i s  i n  t u r n  r e q u i r e s  a n  i n c r e a s e  i n  t h e  
d e g r e e  o f  d e t a i l  and s o p h i s t i c a t i o n  o f  t h e  a n a l y s i s ,  i n c l u d i n g  
economic, s o c i a l  and env i ronmenta l  e v a l u a t i o n  o f  w a t e r  r e s o u r c e s  
development a l t e r n a t i v e s  a i d e d  by a p p l i c a t i o n  o f  ma themat ica l  
m o d e l l i n g  t e c h n i q u e s ,  t o  g e n e r a t e  i n p u t s  ' f o r  p l a n n i n g ,  d e s i g n ,  
and o p e r a t i o n a l  d e c i s i o n s .  
During t h e  y e a r  o f  1978 i t  was d e c i d e d  t h a t  p a r a l l e l  t o  t h e  
c o n t i n u a t i o n  o f  demand s t u d i e s ,  an a t t e m p t  would be made t o  in -  
t e g r a t e  t h e  r e s u l t s  o f  o u r  s t u d i e s  on w a t e r  demands w i t h  w a t e r  
s u p p l y  c o n s i d e r a t i o n s .  T h i s  new t a s k  was named "Reg iona l  Water 
Management" (Task 1 ,  Resources  and Environment A r e a ) .  
T h i s  p a p e r  i s  o r i e n t e d  towards  t h e  a p p l i c a t i o n  o f  systems, 
a n a l y s i s  t e c h n i q u e s  t o  w a t e r  management problems i n  Western Skane ,  
Sweden. These problems concern  t h e  a l l o c a t i o n  o f  s c a r c e  w a t e r  and 
r e l a t e d  l a n d  r e s o u r c e s  among s e v e r a l  m u t u a l l y  c o n f l i c t i n g  u s e s ,  
e . g . ,  m u n i c i p a l ,  i n d u s t r i a l ,  a g r i c u l t u r a l  and r e c r e a t i o n a l  w a t e r  
use .  
The p a p e r  i s  p a r t  o f  a  c o l l a b o r a t i v e  s t u d y  on w a t e r  r e s o u r c e s  
problems i n  Western ~ k z n e ,  Sweden, pursued  by IIASA i n  c o l l a b o r a t i o n  
w i t h  t h e  Swedish N a t i o n a l  Environment  P r o t e c t i o n  Board and t h e  
U n i v e r s i t y  o f  Lund. The paper  d e s c r i b e s  a  me thodo log ica l  p r o p o s a l  
c o n c e r n i n g  a l l o c a t i o n  o f  w a t e r  r e s o u r c e s  t o  d i f f e r e n t  and m u t u a l l y  
c o n f l i c t i n g  u s e s .  T h i s  p r o p o s a l  i s  i l l u s t r a t e d  by a  numer ica l  
0 
example c o n c e r n i n g  w a t e r  r e s o u r c e s  management i n  Western Skane.  
Janusz  K i n d l e r  
Task Leader  
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ABSTRACT 
A water resource a l l oc a t i on  problem i n  Western skxne, 
Sweden, i s  formulated a s  a  two-level mul t iobjec t ive  program, 
which r e f l e c t s  a  decent ra l ized  i n s t i t u t i o n a l  framework of the  
region. The upper l e v e l  model dea l s  with the  region a s  a  
whole and seeks f o r  t echn ica l ly  f e a s i b l e  a l t e r n a t i v e s  and t h e i r  
associa ted  c o s t s .  The lower l e v e l  models a r e  concerned w i t h  
a c t i v i t i e s  of d i f f e r e n t  water users  which o f t e n  c o n f l i c t  each 
o the r .  
Both t h e  upper and the  lower l e v e l  problems a r e  solved i n  
a  stepwise manner using reference  o b j e c t i v e  methods. Advantages 
of t h i s  c l a s s  of mul t iobjec t ive  methods a s  a  too l  f o r  a id ing  
decision-making and c o n f l i c t  r e so lu t ion  a r e  noted. Uses of 
t h e  model and fu r t h e r  extensions a r e  a l s o  mentioned. 
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I. INTRODUCTION 
I t  h a s  been  r e c o g n i z e d  i n  a  p a s t  d e c a d e  t h a t  water r e s o u r c e  p l a n -  
n i n g  problems are a l m o s t  i n h e r e n t l y  o f  m u l t i - o b j e c t i v e  n a t u r e .  T h i s  
i s  c e r t a i n l y  t r u e  when t h e  p l a n n i n g  t a k e s  p l a c e  i n  d e c e n t r a l i z e d  
i n s t i t u t i o n a l  s y s t e m s  i n  which  e a c h  dec i s ion -maker  a c t s  more or  
less  i n d e p e n d e n t l y  o f  o t h e r  d e c i s i o n - m a k e r s  t o  a t t a i n  h i s  o b j e c -  
t i v e s ,  a s  i s  t h e  c a s e  i n  Sweden t h a t  i s  s t u d i e d  l a t e r .  Even i f  
t h e r e  e x i s t s  a c e n t r a l  p l a n n i n g  a u t h o r i t y ,  w a t e r  r e s o u r c e  p l a n -  
n i n g  may t a k e  a  form o f  m u l t i - o b j e c t i v e  problem,  i f  t h e r e  are  a  
number o f  f u n c t i o n s  which have  t o  b e  f u l f i l l e d  by water r e s o u r c e  
s y s t e m s  and i f  a l l  t h e  f u n c t i o n s  c a n n o t  be  s a t i s f i e d  t o  t h e  f u l -  
l e s t  e x t e n t  a t  t h e  same t i m e .  
N a t u r a l l y  many m e t h o d o l o g i e s  have been  p roposed  f o r  s o l v i n g  
m u l t i - o b j e c t i v e  problems and a p p l i e d  t o  w a t e r  r e s o u r c e  p l a n n i n g  
problems ( f o r  a  s u r v e y ,  see Cohon and  Marks,  1975,  o r  H a i t h  and  
Loucks ,  1 3 7 6 ) .  The two most  p o p u l a r  o f  t h e s e  methods are  
t h e  m u l t i - a t t r i b u t e  u t i l i t y  method a p p l i e d  by Keeney and Wood 
(1977)  and  o t h e r s ,  and  t h e  S u r r o g a t e  Worth Trade -o f f  method 
which  h a s  been  a p p l i e d  e x t e n s i v e l y  by Haimes and  o t h e r s  (1975 ,  
1 9 7 7 ) .  The re  a r e  a l s o  v a r i a n t s  o f  t h e s e  methods which  a r e  based  
on  e v a l u a t i o n  o f  d e c i s i o n - m a k e r s '  u t i l i t y  and p r e f e r e n c e s  by 
means of  t rade-off  r a t i o s  o r  func t ions  among o b j e c t i v e s  (see, 
f o r  example, Seo and Sakawa 1979, Neuman and ~ r z y s z t o f o w i c s ,  
1977). A l l  of  these  methods, of cou r se ,  a r e  based i n  one way 
o r  another  on i n t e r a c t i o n s  wi th  decision-makers.  D i f f e rences  
a r e ,  when and how e x t e n s i v e l y  t h e  i n t e r a c t i o n s  a r e  made and 
a l s o  t h e  k inds  of  q u e s t i o n s  asked t o  r e v e a l  decis ion-makers '  
p re fe rences .  
A r e l a t i v e l y  new approach which has  been advocated by 
Wierzbicki  ( 1979a, 1979b) i s  t h e  r e fe rence  o b j e c t i v e  methods. 
The b a s i c  i d e a  of t h i s  approach i s  t o  l e t  decision-makers t o  
s p e c i f y  r e f e r e n c e  o r  t a r g e t  l e v e l s  ( c a l l e d  " a s p i r a t i o n  l e v e l s "  
o r  "u top ia  p o i n t s "  a s  t h e  c a s e  may be)  f o r  a l l  t h e  o b j e c t i v e s  
and t o  f i n d  such a Pa re to  e f f i c i e n t  s o l u t i o n  t h a t  i s  a s  
c l o s e  a s  p o s s i b l e  t o  t h i s  r e f e r e n c e  p o i n t ,  where t h e  
c l o s e n e s s  i s  measured i n  some a p p r o p r i a t e  way. Th i s  i s  i n  con- 
t r a s t  w i th  t h e  more convent iona l  methods desc r ibed  above which 
i n  essence  depend on e v a l u a t i o n  of t rade-of f  r a t i o s  among objec-  
t i v e s  t o  r e v e a l  decis ion-makers '  p re fe rences .  An advantage o f  
t h i s  approach i s  t h a t  i n d i v i d u a l  decision-makers a r e  a p t  t o  
t h ink  i n  terms o f  g o a l s  o r  d e s i r a b l e  l e v e l s  of  o b j e c t i v e s  
r a t h e r  than i n  terms of  u t i l i t y  and p re fe rences  (Wierzb ick i ,  
197913). 
I n  c a s e  where m u l t i p l e  decision-makers (aggrega ted  o r  n o t )  
a r e  involved,  t h e  r e f e r e n c e  o b j e c t i v e  approach has  an a d d i t i o n a l  
and s i g n i f i c a n t  advantage t h a t  aggrega t ion  o f  decis ion-makers '  
"p re fe rences"  can be done i n  e a s i e r  and more n a t u r a l  way. For 
i n s t a n c e ,  t h e  minimum o f  r e f e r e n c e  va lues  of m u l t i p l e  dec i s ion -  
makers may be taken a s  t h e  aggrega ted  r e f e r e n c e  p o i n t  f o r  some ob- 
j e c t i v e s  which a r e  t o  be maximized. O r  f o r  some o t h e r  o b j e c t i v e s ,  
t h e  sum o f  a l l  t h e  r e f e r e n c e  va lues  s p e c i f i e d  by i n d i v i d u a l  
decision-makers may g i v e  an a p p r o p r i a t e  r e f e r e n c e  va lue  f o r  t h e  
group. On t h e  o t h e r  hand, i n  t h e  c a s e  o f  m u l t i - a t t r i b u t e  u t i l i t y  
method o r  o t h e r  methods based on t rade-of f  f u n c t i o n s  (e .9 .  
Sur roga te  Worth Trade-off method),  group assessment  o f  u t i l i t y  
o r  p re fe rences  may be more d i f f i c u l t .  Appl ica t ion  of t h e  
r e f e r e n c e  o b j e c t i v e  approach t o  water  resource  p lanning ,  however, 
i s  s t i l l  'J92ry l i m i t e d  ( K i n d l e r ,  Z i e l i n s k i  and deMare, 1980) . 
I n  t h i s  p a p e r ,  w a t e r  r e s o u r c e  a l l o c a t i o n  problem i n  Western 
~ k s n e ,  Sweden i s  f o r m u l a t e d  a s  a  two- leve l  m u l t i o b j e c t i v e  pro- 
gram. The f o r m u l a t i o n r e f l e c t s  t h e  i n s t i t u t i o n a l  framework of  
t h e  r e g i o n ,  which is a n  i m p o r t a n t  c o n s i d e r a t i o n  a s  d i s c u s s e d  i n  
S e c t i o n  11. S e c t i o n  I11 d e s c r i b e s  t h e  c a s e  s t u d y  a r e a  w i t h  
r e s p e c t  t o  i ts  i n s t i t u t i o n a l ,  g e o g r a p h i c a l ,  p h y s i c a l  and o t h e r  
background f e a t u r e s  a s  t h e y  r e l a t e  t o  water r e s o u r c e  p l a n n i n g ,  
and t h e  problem t h a t  it  f a c e s .  I n  S e c t i o n  I V ,  t h e  g e n e r a l  f o r -  
m u l a t i o n  o f  w a t e r  r e s o u r c e  a l l o c a t i o n  model i s  p r e s e n t e d  and 
s o l u t i o n  p r o c e d u r e s  based  on r e f e r e n c e  o b j e c t i v e  methods are 
d e s c r i b e d .  The f o l l o w i n g  two s e c t i o n s  p r e s e n t  s p e c i f i c  and 
d e t a i l e d  models f o r  t h e  w a t e r  r e s o u r c e  a l l o c a t i o n  problem i n  
Western ~ k % n e  r e g i o n .  I n  S e c t i o n  V ,  t h e  upper  l e v e l  problem 
which d e a l s  w i t h  t h e  r e g i o n  a s  a whole i s  p r e s e n t e d ,  and S e c t i o n  
V I  o f f e r s  d e s c r i p t i o n  o f  one  o f  t h e  lower  l e v e l  2roblems - 
Kavl inge  r i v e r  b a s i n  subproblem. I n  S e c t i o n  V I I ,  t h e s e  problems 
a r e  s o l v e d  i n  a  s t e p w i s e  manner u s i n g  d a t a  o b t a i n e d  f o r  t h e  
r e g i o n  and t h e  r e s u l t s  a r e  ana lyzed .  The example i l l u s t r a t e s  
how such a  m u l t i o b j e c t i v e  model can  a i d  i n  s o l v i n g  d e c i s i o n -  
making problems c o n c e r n i n g  w a t e r  r e s o u r c e  p l a n n i n g  w i t h  m u l t i p l e  
dec i s ion-makers .  F i n a l l y  S e c t i o n  V I I I  c o n t a i n s  s u g g e s t i o n s  f o r  
p o t e n t i a l  u s e s  o f  t h e  model and a l s o  f o r  i t s  p o s s i b l e  e x t e n s i o n s .  
11. INSTITUTIONAL FRAMEWORKS AND MULTI-OBJECTIVE METHODS 
Obvious ly  how t o  f o r m u l a t e  a  water r e s o u r c e  p l a n n i n g  problem 
a s  a  m u l t i - o b j e c t i v e  program and which s o l u t i o n  methods s h o u l d  be  
used depend v e r y  much on i n s t i t u t i o n a l  framework o f  a  p a r t i c u l a r  
p l a n n i n g  s i t e .  I f  t h e r e e x i s t s a  c e n t r a l  p l a n n i n g  a u t h o r i t y ,  
t h e  f i r s t  s t e p  t o  f o r m u l a t e  t h e  w a t e r  r e s o u r c e  p l a n n i n g  a s  a  
m u l t i - o b j e c t i v e  problem i s  t o  a g g r e g a t e  o b j e c t i v e s  o f  each  
w a t e r - u s e r  i n t o  d i f f e r e n t  a c c o u n t s  which w i l l  s e r v e  a s  s e p a r a t e  
o b j e c t i v e s  f o r  t h i s  p l a n n i n g  a u t h o r i t y .  For  i n s t a n c e ,  a s  done 
by H a i m e s  e t  a 1  ( 1 9 7 7 ) ,  s o i l  l o s s  from d i f f e r e n t  a g r i c u l t u r a l  
s i t e s  i n  t h e  p l a n n i n g  r e g i o n  may be a g g r e g a t e d  t o  d e f i n e  t o t a l  
s o i l  l o s s  o f  t h e  r e g i o n  which may c o n s t i t u t e  one  o b j e c t i v e  t o  
be minimized; o r  sum (we igh ted  a s  a p p r o p r i a t e )  o f  n e t  b e n e f i t s  
o f  a l l  a g r i c u l t u r a l  w a t e r - u s e r s  d e r i v e d  from i r r i g a t i o n  may b e  
used a s  a n o t h e r  o b j e c t i v e .  
I n  more d e c e n t r a l i z e d  i n s t i t u t i o n a l  sys tems ,  t h i s  k ind  o f  
a g g r e g a t i o n  o f t e n  i s  n o t  j u s t i f i e d ,  s i n c e  each  decis ion-maker  
may be  concerned abou t  o b j e c t i v e s  o f  o t h e r  dec i s ion-makers  o n l y  
t o  t h e  e x t e n t  t h a t  t h ey  a f f e c t  a t t a i n m e n t  o f  h i s  own o b j e c t i v e s .  
I n  t h i s  c a s e ,  w a t e r  r e s o u r c e  p l ann ing  problem t a k e s  i n  g e n e r a l  
t h e  form o f  m u l t i - o b j e c t i v e ,  m u l t i p l e  decis ion-maker  problem, 
which o f t e n  i s  i n t r a c t a b l e .  One way t o  a l l e v i a t e  t h i s  problem 
i s  t o  decompose it i n t o  more t r a c t a b l e  subproblems.  A q u e s t i o n  
is  how - g e o g r a p h i c a l l y  ( e . g .  by r i v e r  b a s i n ) ,  f u n c t i o n a l l y  
(e .g .  m u n i c i p a l  u se  s e c t o r ,  a g r i c u l t u r a l  u s e  s e c t o r )  o r  j u r i s -  
d i c t i o n a l l y  (e .g .  by m u n i c i p a l i t i e s )  ? The answers  t o  t h e  ques-  
t i o n s  a g a i n  depend on t h e  i n s t i t u t i o n a l  framework o f  t h e  r e g i o n  
o f  concern .  
One i m p o r t a n t  c o n s i d e r a t i o n  i n  t h i s  c a s e  i s  t o  decompose 
t h e  e n t i r e  p l a n n i n g  problem i n  such a  way t h a t  w i l l  f a c i l i t a t e  
a ssessment  o f  p r e f e r e n c e s  and, v a l u e s  o f  decis ion-makers .  I n  
t h i s  r e s p e c t  it  i s  meaningful  t o  d i s t i n g u i s h  two d i f f e r e n t  
c h a r a c t e r i s t i c s  o f  m u l t i - o b j e c t i v e  problems.  F i r s t ,  many prob- 
l e m s  a r e  c h a r a c t e r i z e d  by m u l t i p l e  p h y s i c a l  a t t r i b u t e s  ( e . g .  
q u a n t i t y  o f  w a t e r  d i s t r i b u t e d  i n  d i f f e r e n t  p a r t s  o f  t h e  sys tem) 
which a f f e c t  o b j e c t i v e s  o f  decis ion-makers  and which can  be 
v a r i e s  o n l y  a c c o r d i n g  t o  a  range  o f  t e c h n i c a l  f e a s i b i l i t y .  
Thus s e a r c h  f o r  t e c h n i c a l l y  f e a s i b l e  a l t e r n a t i v e s  c o n s t i t u t e s  
a  m u l t i - o b j e c t i v e  problem. Secondly ,  i n d i v i d u a l  dec i s ion-makers '  
o b j e c t i v e s  depend on one o r  more o f  t h e s e  a t t r i b u t e s  and may . 
i n t e r a c t  ( and  o f t e n  c o n f l i c t )  each  o t h e r  th rough  t h e s e  a t t r i b u t e s  
a s  media. Th a t  i s ,  t h e s e  p h y s i c a l  a t t r i b u t e s  have d i f f e r e n t  
v a l u e s  f o r  decis ion-makers .  T h i s  k ind  o f  c o n f l i c t s  on  v a l u e  
judgements c o n s t i t u t e  a n o t h e r  a s p e c t  o f  m u l t i - o b j e c t i v e  problems 
w i t h  m u l t i p l e  decis ion-makers .  
I n  r e a l i t y ,  t h e  d i s t i n c t i o n  d e s c r i b e d  above i s  n o t  so  c l e a r .  
Two v a r i a n t s  c a n  be c o n s i d e r e d ,  each  o f  which h a s  d e f i n i t e  impl ica -  
t i o n s  f o r  i n s t i t u t i o n a l  framework. Suppose f i r s t ,  a  " s i n g l e "  
decision-maker ( o r  agency) can  be i d e n t i f i e d  f o r  each  a t t r i b u t e  
i n  t h e  f i r s t  t y p e  o f  mul t i -ob  j e c t i v e  problem. For i n s t a n c e ,  
w a t e r  y i e l d  from a  r e s e r v o i r  t o  s e r v e  p u b l i c  wa t e r  supp ly  may 
f a l l  under t h e  c o n t r o l  o f  one decis ion-maker  ( o r  agency)  ; r e l e a s e  
from t h e  r e s e r v o i r  f o r  downstream low- f low augmenta t ion  may be 
t h e  r e s p o n s i b i l i t y  o f  a n o t h e r  dec i s ion-maker ,  and s o  on.  I n  t h i s  
c a s e ,  t h e  m u l t i o b j e c t i v e  problem can be s o l v e d  b a s e d  on a s s e s s -  
ment o f  p r e f e r e n c e s  o f  t h e s e  a g g r e g a t e d  dec i s ion-makers .  
I f  a  " s i n g l e "  decis ion-maker  c a n n o t  be i d e n t i f i e d  f o r  each  
a t t r i b u t e  i n  t h e  f i r s t  t y p e  m u l t i - o b j e c t i v e  problem, p r e f e r e n c e  
a s s e s s m e n t  p r o c e d u r e  w i l l  be more i n v o l v e d .  T h i s  s i t u a t i o n  a r i s e s  
i f ,  f o r i i n s t a n c e ,  s e v e r a l  i n d e p e n d e n t  dec i s ion-makers  a r e  
i n t e r e s t e d  i n  r e l e a s e  from a r e s e r v o i r  i n  r e l a t i o n  t o  t h e i r  own 
o b j e c t i v e s  ( e . g .  o f  maximizing c r o p  y i e l d  by i r r i g a t i o n  o r  s e c u r i n g  
w a t e r  s u p p l y  f o r  m u n i c i p a l  u s e s ) .  A decomposed m u l t i - o b j e c t i v e  
program t h e n  h a s  t o  p r o v i d e  some means t o  a i d  c o n f l i c t  r e s o l u t i o n .  
F i r s t ,  a  d e v i c e  i s  r e q u i r e d  t o  i n t e r p r e t  v a l u e s  o f  t h e  a t t r i b u t e s  
o r  o b j e c t i v e s  i n  t h e  f i r s t  t y p e  m u l t i - o b j e c t i v e  problem i n  t e r m s  
o f  e a c h  d e c i s i o n - m a k e r ' s  o b j e c t i v e s ;  s e c o n d l y ,  a  method o r  a  
p r o c e d u r e  i s  n e c e s s a r y  t o  a g g r e g a t e  d e c i s i o n - m a k e r s '  p r e f e r e n c e s  
f o r  each  o f  t h e s e  a t t r i b u t e s  s o  t h a t  t h e  e n t i r e  w a t e r  r e s o u r c e  
sys tem c a n  be  e v a l u a t e d .  
I t  i s  n o t  i n t e n d e d  i n  t h i s  p a p e r  t o  c o v e r  a l l  t h e  p o s s i b i l i -  
t i e s  d e s c r i b e d  above,  n o r  t o  d e v e l o p  a g e n e r a l  framework f o r  
a n a l y z i n g  decis ion-making problems w i t h  m u l t i p l e  g o a l s  (see, 
W i e r z b i c k i ,  1 9 8 0 )  . R a t h e r  a  p a r t i c u l a r  c a s e  i n  Western ~ k g n e ,  Sweden 
i s  s t u d i e d  t o  show how t h e  w a t e r  r e s o u r c e  a l l o c a t i o n  problem 
c a n  be f o r m u l a t e d  a s  a  m u l t i - o b j e c t i v e  program, r e f l e c t i n g  t h e  i n -  
s t i t u t i o n a l  framework o f  t h i s  p a r t i c u l a r  r e g i o n  and t o  i l l u s t r a t e  
how such a model can a i d  dec i s ion-making  problems c o n c e r n i n g  
water r e s o u r c e  p l a n n i n g  w i t h  m u l t i p l e  dec i s ion-makers .  
The p a p e r  i s  devo ted  t o  a  p a r t i c u l a r  a p p l i c a t i o n  r a t h e r  
t h a n  development  o f  g e n e r a l  t h e o r i e s  o r  a  p l a n n i n g  framework. 
T h e r e f o r e ,  d a t a  a s  s p e c i f i c  and r e a l  f o r  t h e  r e g i o n  a s  p o s s i b l e  
a r e  used  and p a r t i c u l a r  s o l u t i o n  methods a r e  adop ted .  However, 
t h e  way t h e  p r o b l e n  i s  f o r m u l a t e d  r e f l e c t i n g  i n s t i t u t i o n a l  
a r rangements  o f  t h e  s t u d y  a r e a ,  a l s o  s u g g e s t s  a  g e n e r a l  p r o c e d u r e  
which may be  a p p l i c a b l e  t o  o t h e r  c a s e s .  
111. SWEDISH CASE STUDY 
The s t u d y  a r e a  i s  Sou thwes te rn  p a r t  o f  Sweden c a l l e d  
0 Western Skane,  which c o i n c i d e s  w i t h  Malmdhus County c o n s i s t i n g  
o f  20 m u n i c i p a l i t i e s  ( F i g u r e  1 ) .  The a r e a ,  which c o v e r s  appro- 
x i m a t e l y  5,000 km2, i n c l u d e s  two major  r i v e r  b a s i n s  - Kavl inge  
and  Rdnne - and s e v e r a l  s m a l l e r  ones .  
A t  p r e s e n t  most  o f  t h e  m u n i c i p a l  w a t e r  s u p p l y  i s  drawn from 
t h r e e  s o u r c e s :  l o c a l  groundwater  and two p i p e l i n e  sys tems  which 
d i s t r i b u t e  w a t e r  from t w o  l a k e s  Vombsjdn and R i n g s j d n  l o c a t e d  
r e s p e c t i v e l y  i n  Kav l inge  and Rdnne r i v e r  b a s i n s .  F i v e  major 
m u n i c i p a l i t i e s  t a k i n g  w a t e r  from t h e s e  l a k e s  a r e  shown i n  F i g u r e  
1 .  I n  a d d i t i o n ,  a major  p r o j e c t  t o  o b t a i n  w a t e r  from a l a k e  
l o c a t e d  n o r t h  o f  t h e  r e g i o n  (Lake Bolmen) v i a  a n  80 km t u n n e l  
was proposed i n  l a t e  1 9 6 0 ' s  t o  meet t h e  f u t u r e  demand which was 
p r o j e c t e d  t o  more t h a n  d o u b l e  by t h e  y e a r  2000. However, a f t e r  
t h e  i n i t i a t i o n  o f  t h e  p r o j e c t ,  it became a p p a r e n t  t h a t  t h e  ex- 
p e c t e d  i n c r e a s e  i n  demand f o r  m u n i c i p a l  w a t e r  would n o t  m a t e r i -  
a l i z e .  
On t h e  o t h e r  hand,  w a t e r  u s e  f o r  supp lementa ry  i r r i g a t i o n ,  
which was n o n - e x i s t e n t . u n t i 1  a few y e a r s  ago ,  h a s  i n c r e a s e d  
r a p i d l y .  The i n c r e a s e  i s  e x p e c t e d  t o  c o n t i n u e , s i n c e  t h e  c l i m a t e ,  
s o i l  c o n d i t i o n s ,  and c r o p  s t r u c t u r e  o f  t h e  a r e a  a r e  f a v o r a b l e  
f o r  i r r i g a t e d  a g r i c u l t u r e  (Andersson e t  a l ,  1 9 7 9 ) .  Also  demand 
f o r  water-born recreation h a s  been q u i t e  h i g h  i n  t h e  a r e a ,  b u t  
some concerns  abou t  a d v e r s e  f a c t o r s  - e . g .  l a k e  l e v e l  f l u c t u a -  
t i o n  i n  Vombsjdn o r  w a t e r  q u a l i t y  problem i n  R i n g s j d n  - have 
been e x p r e s s e d  r e c e n t l y .  However, p o i n t  s o u r c e  p o l l u t i o n  h a s  
been l a r g e l y  c o n t r o l l e d  i n  the a r e a  t o  a h i g h  l e v e l ,  f o l l o w i n g  
a s t r i n g e n t  Environmenta l  P r o t e c t i o n  A c t  p a s s e d  i n  l a t e  1 9 6 0 t s ,  
and many e x i s t i n g  w a s t e w a t e r  t r e a t m e n t  p l a n t s  have  e x c e s s  
c a p a c i t y  t o  cope w i t h  any f o r e s e e a b l e  i n c r e a s e  i n  w a s t e w a t e r  
o f  p o i n t  s o u r c e  o r i g i n .  A major  w a t e r  p o l l u t i o n  problem w i l l  
be caused  by non-point  s o u r c e s ,  t y p i c a l l y  by a g r i c u l t u r a l  run- 
o f f s ,  i f  i r r i g a t i o n  s h o u l d  i n c r e a s e  s i g n i f i c a n t l y .  
Another  f a c t o r  t h a t  p l a y s  a major  role  i n  w a t e r  resource 
p l a n n i n g  o f  t h e  r e g i o n  i s  t h e  Swedish sys tem o f  governance  
which i s  c h a r a c t e r i z e d  by a h i g h  d e g r e e  o f  d e c e n t r a l i z a t i o n .  
The b a s i c  decis ion-making u n i t  c o n c e r n i n g  t h e  u s e  o f  l a n d ,  w a t e r  
and o t h e r  n a t u r a l  r e s o u r c e s  i s  t h e  m u n i c i p a l i t y .  The e x i s t i n g  
l o c a l  w a t e r  s u p p l y  sys tems  a r e  owned and o p e r a t e d  by d i f f e r e n t  
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sets of m u n i c i p a l i t i e s .  A company, c a l l e d  Sydva t ten ,  was formed 
i n  t h e  l a t e  1960 's  by s e v e r a l  m u n i c i p a l i t i e s  t o  p l an  long-term 
wate r  supp ly ,  and management f o r  t h e  r e g i o n .  I t  now c o n s i s t s  
o f  1 2  m u n i c i p a l i t i e s  and i s  implementing the new i n t e r - b a s i n  
wate r  t r a n s f e r  p r o j e c t  d e s c r i b e d  above. 
The preced ing  d i s c u s s i o n  s u g g e s t s  t h e  main c h a r a c t e r i s t i c s  
of  w a t e r  r e s o u r c e  management problem o f  t h e  r e g i o n .  F i r s t ,  t h e  
p h y s i c a l  framework o f  w a t e r  r e s o u r c e  management i s  r i g i d l y  set  
f o r  t h e  r e g i o n ,  s i n c e  t h e  Bolmen system w i l l  be i n  o p e r a t i o n  
sooner  o r  l a t e r  t o  p rov ide  s u f f i c i e n t  q u a n t i t y  of  wa te r  and no 
s u b s t a n t i a l  inves tments  i n  wastewater  t r e a t m e n t  p l a n t s  a r e  ex- 
pec t ed  i n  the n e a r  f u t u r e .  Thus no th ing  much can be done abou t  
f a c i l i t i e s  l o c a t i o n  and schedu l ing  r e l a t e d  t o  water; more impor- 
t a n t  i s  o p e r a t i o n a l  p lann ing .  Secondly,  i n t r o d u c t i o n  o f  t h e  
Bolmen system w i l l  n o t  o n l y  p rov ide  a d d i t i o n a l  wa te r  f o r  munici- 
p a l  use  b u t  it w i l l  a l s o  i n c r e a s e  t h e  p o s s i b i l i t y  o f  r e a l l o c a t -  
i ng  l o c a l  w a t e r  r e s o u r c e s  t o  o t h e r  u se s ,  mainly  r e c r e a t i o n  and 
a g r i c u l t u r e .  The b a s i c  q u e s t i o n  t h e r e f o r e  i s  how t o  a l l o c a t e  
a v a i l a b l e  wa te r  t o  a g r i c u l t u r a l  and r e c r e a t i o n a l  u se s  a s  w e l l  
a s  t o  munic ipa l  u se s ;  o r  i n  o t h e r  words,  how t o  o p e r a t e  t h e  
Bolmen, Ring and Vomb systems j o i n g l y  f o r  c o l l e c t i v e  b e n e f i t s  
o f  the r eg ion  e v a l u a t e d  on a  b roade r  ba se  t o  s a t i s f y  d i f f e r e n t  
u s e r s  i n  a l l  t h e  m u n i c i p a l i t i e s ,  which a c t  i n  p r i n c i p l e  i n -  
dependent ly  o f  each  o t h e r  . 
I V .  GENERAL FORMULATION OF WATER 
RESOURCE ALLOCATION MODEL 
Given h i g h l y  d e c e n t r a l i z e d  i n s t i t u t i o n a l  system o f  t h e  r e g i o n  
and t h r e e  major w a t e r  u se s  - munic ipa l ,  a g r i c u l t u r a l  and r ec rea -  
t i o n a l  - t o  be  cons ide red ,  t h e  a l l o c a t i o n  problem t y p i c a l l y  
t a k e s  t h e  form o f  mu1 t i p l e  decision-maker m u l t i p l e - o b j e c t i v e  
problem. This  problem can be decomposed i n t o  more t r a c t a b l e  
subproblems a s  sugges ted  be fo re ;  s p e c i f i c a l l y  a  two-level  h i e r -  
a r c h i c a l  s t r u c t u r e  i s  in t roduced .  On t h e  upper l e v e l ,  a  mu l t i -  
o b j e c t i v e  problem wi th  o b j e c t i v e s  r e l a t e d  t o  p h y s i c a l  a t t r i b u t e s  
a s  w e l l  a s  a  c o s t  o b j e c t i v e  i s  formula ted .  That  i s ,  p h y s i c a l  
p o s s i b i l i t i e s  o f  t h e  r e g i o n a l  wate r  supply  system and c o s t s  
a s s o c i a t e d  w i t h  o p e r a t i n g  t h e  e n t i r e  sys tem t o  o b t a i n  a  par-  
t i c u l a r  performance a r e  ana lyzed .  
Given a  s o l u t i o n  on t h e  upper l e v e l ,  a  se t  o f  m u l t i - o b j e c t i v e  
problems w i t h  m u l t i p l e  dec i s ion-makers  may be s o l v e d  on t h e  lower 
l e v e l .  R e s o l u t i o n  o f  c o n f l i c t s  among i n d e p e n d e n t  w a t e r  u s e r s  
d e r i v e d  from i n t e r a c t i o n s  o f  t h e i r  u s e s  th rough  t h e  p h y s i c a l  
a t t r i b u t e s  o f  t h e  upper  l e v e l  problem can be a i d e d  by t h e s e  
m u l t i - o b j e c t i v e  models on  t h e  lower  l e v e l .  
Upper Level  Problem 
The upper  l e v e l  problem nay be f o r m a l l y  w r i t t e n  a s :  
s u b j e c t  t o  
1 ""' ' 
T h i s  i s  t o  be s o l v e d  f o l l o w i n g  t h e  p r o c e d u r e  c a l l e d  STEM 
(Benayoun e t  a l ,  1 9 7 1 ) .  T h i s  method is  a  t y ~ e  o f  r e f e r e n c e  
o b j e c t i v e  method, b u t  i n s t e a d  o f  chang ing  r e f e r e n c e  l e v e l s  a t  
e a c h  i t e r a t i v e  s t e p  a s  most methods i n  t h i s  c l a s s  d o ,  a  d e c i s i o n -  
maker is  supposed t o  do t h e  f o l l o w i n g .  F i r s t  t h e  decis ion-maker  
i d e n t i f i e s  s a t i s f a c t o r y  o b j e c t i v e s ,  i f  any,  based  on t h e  r e s u l t s  
o f  t h e  p r e v i o u s  s t e p ,  and s e c o n d l y  f o r  each  s a t i s f a c t o r y  o b j e c -  
t i v e  s p e c i f y  t h e  amount o f  p e r m i s s i b l e  r e d u c t i o n  i n  t h i s  o b j e c -  
t i v e  a t t a i n m e n t  i n  o r d e r  t o  improve v a l u e s  o f  u n s a t i s f a c t o r y  
o b j e c t i v e s  . 
STEM u s e s  t h e  f o l l o w i n g  p e n a l t y  s c a l a r i z i n g  f u n c t i o n :  
s ( f  - m) = maxw {mj - £ . ( X I }  9 min , 
j j  I - X 
- 
where j i s  t h e  maximum a t t a i n a b l e  l e v e l  o f  o b j e c t i v e  f . ( x )  o v e r  7 - 
t h e  f e a s i b l e  r e g i o n  e ( x ) <  - - 0 i n  t h e  a b s e n c e  o f  o t h e r  o b j e c t i v e s ,  
and t h e  w e i g h t s  w - a r e  d e t e r m i n e d  a s  f o l l o w s .  F i r s t ,  a  s e n s i t i v -  
i t y  p a r a m e t e r  y and a  s c a l i n g  pa ramete r  a a r e  d e f i n e d  a s :  j  j 
i f m  > O  j  
and 
1 m C- 
j  ern, i f  m > 0 f o r  a l l R  
a = j  j  2 
{ m  + (1 - min m ) } Z m  + ( 2. j  1 - min m . )  i f  any rn < 0 ( 5 )  R R R R -  1 
where n  is t h e  minimum value  assumed by f .  ( x )  over  t h e  f e a s i b l e  j  I - 
region.  Then t h e  weight i s  given by 
The reasoning behind t h i s  d e f i n i t i o n  is  t h e  fol lowing.  I f  t h e  value 
of f  . (x )  does no t  vary much from i ts  maximum a t t a i n a b l e  l e v e l  m f o r  J - j  
va r ious  s o l u t i o n  vec to r  - x,  t h i s  o b j e c t i v e  i s  n o t  s e n s i t i v e  t o  a  
v a r i a t i o n  i n  t h e  weight ing va lues  w i t  and thus  a  r e l a t i v e l y  smal l  
J 
weight can be ass igned .  A s  t h e  v a r i a t i o n  i n  f +  ( x )  - becomes 
J 
l a r g e r  wi th  changes i n  5 ,  t h e  weight w w i l l  become correspondingly j  
l a r g e .  
A s  noted by Cohon ( 1  978) , t h i s  r a t h e r  e l a b o r a t e  procedure f o r  
t h e  c a l c u l a t i o n  of weights  i s  supposed t o  minimize t h e  need f o r  
value judgements. Thus t h i s  method may be more s u i t a b l e  when a  
decision-maker can n o t  be e a s i l y  i d e n t i f i e d  f o r  each o b j e c t i v e  
of t h e  upper l e v e l  problem and e v a l u a t i o n  of  a l t e r n a t i v e s  genera ted  
by the  upper l e v e l  problem t h e r e f o r e  is  l e f t  f o r  t h e  lower l e v e l .  
I n  t h i s  case  t h e  func t ion  o f  t h e  upper l e v e l  problem is  t o  o b t a i n  
a reasonably balanced s o l u t i o n  a t  each i t e r a t i v e  s t e p .  Note, 
however, t h a t  t h e  r e l a t i v e  weight  c a l c u l a t e d  by t h i s  procedure 
has  nothing t o  do with  t h e  r e l a t i v e  p o l i t i c a l  importance o f  t h e  
corresponding o b j e c t i v e  (Hai th  and Loucks, 1976) , and t h e  t rade-off  
c o e f f i c i e n t s  can be c a l c u l a t e d  a posteriori a f t e r  a  s o l u t i o n  i s  
obtained.  
Using t h e  above ~ e n a l t y  s c a l a r i z i n g  f u n c t i o n  w i t h  a p p r o p r i a t e  
weights, t h e  upper l e v e l  problem i s  t o  minimize t h e  upper bound d  
of  t h e  weighted d e v i a t i o n  w . { m  - f j  ( x )  } : J j  - 
s u b j e c t  t o  
The s o l u t i o n  t o  t h i s  problem g i v e s  v a l u e s  of  d e c i s i o n  v a r i a b l e s  
x* and t h e  o b j e c t i v e  f u n c t i o n  va lues  f * .  The nex t  s t e p  o f  t h e  
- - 
procedure  i s  t o  show t h e  r e s u l t s  t o  t h e  decision-maker and ask  
him t o  i d e n t i f y  s a t i s f a c t o r y  and u n s a t i s f a c t o r y  o b j e c t i v e s ,  and 
f o r  each  s a t i s f a c t o r y  o b j e c t i v e  f  t o  s p e c i f y  t h e  amount Af j  j  
t h a t  can  be s a c r i f i c e d  t o  improve a t t a i n m e n t  l e v e l s  o f  u n s a t i s -  
f a c t o r y  o b j e c t i v e s  . 
Depending on a  p a r t i c u l a r  i n s t i t u t i o n a l  framework, t h e r e  
a r e  a l t e r n a t i v e  modes of  o p e r a t i n g  t h e  model a t  t h i s  s t a g e .  
These a r e  d e s c r i b e d  i n  t h e  remaining p a r t  o f  t h i s  s e c t i o n  wi th  
t h e  a i d  o f  F i g u r e . 2 .  I f  a  " s i n g l e "  decision-maker can b e  i d e n t i -  
f i e d  f o r  each  o b j e c t i v e  of  t h i s  upper l e v e l  problem a s  d i s cus sed  
i n  S e c t i o n  11, each o f  them can  t e l l  whether t h e  l e v e l  o f  h i s  
o b j e c t i v e  a t t a i n e d  by t h e  p rev ious  i t e r a t i o n  i s  s a t i s f a c t o r y ,  
and i f  s a t i s f a c t o r y ,  even s p e c i f y  p e r m i s s i b l e  r e d u c t i o n  o f  h i s  
o b j e c t i v e  i n  t h e  l i g h t  of  a  planned o r  expec ted  l e v e l  f o r  h i s  
own o b j e c t i v e .  Even i n  more d e c e n t r a l i z e d  i n s t i t u t i o n a l  sys tems ,  
s a t i s f a c t o r y  and u n s a t i s f a c t o r y  o b j e c t i v e s  and amounts o f  permis- 
sible r e d u c t i o n  f o r  t h e  s a t i s f a c t o r y  o b j e c t i v e s  may be  s p e c i f i e d  
j o ing ly  by m u l t i p l e  decision-makers w i t h o u t  a i d  o f  any mathematical  
model. For t h i s  t o  be  p o s s i b l e ,  a l l  t h e  dec i s ion-makers '  s p e c i f i -  
c a t i o n s  have t o  be aggrega ted  i n  some way. Obviously i f  one 
decision-maker f i n d s  a t t a i n m e n t  o f  a  c e r t a i n  o b j e c t i v e  u n s a t i s -  
f a c t o r y  t h i s  i s  an u n s a t i s f a c t o r y  o b j e c t i v e  and i s  s o  s p e c i f i e d  
i n  t h e  nex t  i t e r a t i v e  s t e p .  How t h e  agg rega t ion  o f  pe rmis s ib l e  
l e v e l s  can be done depends on a  p a r t i c u l a r  problem and ob j e . z t i ve s .  
Once t h e  va lues  Af - a r e  s p e c i f i e d  f o r a l l  t h e  o b j e c t i v e s  
(where Af = 0  f o r  any u n s a t i s f a c t o r y  o b j e c t i v e  f  . ) , t h e  nex t  j  I 
i t e r a t i o n  o f  t h e  upper l e v e l  problem i s  performed by s o l v i n g  t h e  
fo l lowing  modified problem: 
min d  
X 
- 
s u b j e c t  t o  
where w = 0 i f  Afj = 0 and t h e  weight ing w has  been r e s c a l e d  j  - 
acco rd ing ly .  The i t e r a t i v e  procedure con t inues  u n t i l  a l l  t h e  
upper l e v e l  o b j e c t i v e s  a r e  found s a t i s f a c t o r y  (see t h e  upper h a l f  
o f  F igure  2 . a )  . 
Termination of t h e  procedure w i th  s u c c e s s f u l  i d e n t i f i c a t i o n  
of a  compromise s o l u t i o n  imp l i e s  t h a t  a l l  t h e  decision-makers 
have agreed on b a s i c  o p e r a t i n g  r u l e s  o f  t h e  e n t i r e  system. 
The remaining q u e s t i o n  i s ,  given  t h e s e  "op t imal"  va lues  o f  dec i -  
s i o n  v a r i a b l e s  - x and o b j e c t i v e s  - f ,  how t o  a l l o c a t e  water  i n  d i f -  
f e r e n t  p a r t s  of  t h e  system among concerned wate r -users  and a l s o  
how t o  a l l o c a t e  t o t a l  c o s t s  of  t h e  system o p e r a t i o n .  A s e t  o f  m u l t i -  
o b j e c t i v e  a l l o c a t i o n  problems may be so lved  on t h e  lower l e v e l  t o  
a i d  t h e  r e s o l u t i o n  of  c o n f l i c t s  among m u l t i p l e  decision-makers - 
i .e .  independent wate r -users  (see t h e  lower h a l f  of  F igure  2 .  a )  . 
S p e c i f i c a t i o n  o f  s a t i s f a c t o r y  and u n s a t i s f a c t o r y  o b j e c t i v e s  
and pe rmis s ib l e  r e d u c t i o n s  f o r  t h e  s a t i s f a c t o r y  o b j e c t i v e s  by 
m u l t i p l e  decision-makers may no t  be so  easy  a s  desc r ibed  above 
i n  some c a s e s  f o r  two major reasons :  (i) Each decision-maker 
may no t  be a b l e  t o  t e l l  i f  a  c e r t a i n  o b j e c t i v e  on t h e  upper l e v e l  
is  s a t i s f a c t o r y  wi thou t  i n t e r p r e t i n g  it i n  t e rms  of  h i s  own 
o b j e c t i v e ;  (ii) Decision-makers may n o t  know how t h e i r  o b j e c t i v e s  
c o n f l i c t  wi th  each o t h e r ,  and agg rega t ion  o f  i n d i v i d u a l  s p e c i f i c a -  
t i o n  o f  p e r m i s s i b l e  r educ t ion  f o r  s a t i s f a c t o r y  o b j e c t i v e s  may no t  
l e a d  t o  r ea sonab le  r e s u l t s .  I n  t h i s  c a s e ,  some dev ice  would be 
necessary  t o  a i d  decis ion-makers  t o  determine which o b j e c t i v e s  
i n  t h e  upper l e v e l  problem a r e  s a t i s f a c t o r y  and a l s o  t o  compromise 
t h e  c o n f l i c t i n g  o b j e c t i v e s  w i t h  e a c h  o t h e r .  Again a  se t  o f  m u l t i -  
o b j e c t i v e  models on t h e  lower  l e v e l  can  be  used  f o r  t h i s  purpose  
a s  d e s c r i b e d  i n  t h e  f o l l o w i n g  (see a l s o  F i g u r e  2 .b )  . 
Lower Level  Problem. 
The lower  l e v e l  problem may b e  f o r m u l a t e d  u s i n g  t h e  " o p t i -  
mal" v a l u e s  - f *  o f  t h e  upper l e v e l  o b j e c t i v e s  a s  i n p u t s .  One o f  
t h e  lower  l e v e l  problems may be f o r m a l l y  r e p r e s e n t e d  as: 
1 s u b j e c t  t o  
To c l a r i f y  t h e  s t r u c t u r e  o f  t h e  e n t i r e  problem, t h i s  may be 
w r i t t e n  i n  t h e  f o l l o w i n g  form, assuming t h e  y terms and - f *  t e rms  
a r e  s e p a r a b l e  i n  each  c o n s t r a i n t .  
max - F ( y )  
Y 
-
I s u b j e c t  t o  
A t t a i n a b l e  l e v e l s  o f  t h e  lower  l e v e l  o b j e c t i v e s  n a t u r a l l y  dspenil 
on t h e  v a l u e s  o f  - f * .  
To s o l v e  t h e  lower  l e v e l  problem, t h e  f o l l o w i n g  p e n a l t y  
s c a l a r i z i n g  f u n c t i o n  may be used 
where M i s  a  r e f e r e n c e  l e v e l  o f  t h e  o b j e c t i v e  F . ( y ) ,  p i s  a j  I - 
p e n a l t y  c o e f f i c i e n t  which i s  g r e a t e r  t h a n  o r  e q u a l  t o  t h e  number 
o f  o b j e c t i v e s  and - E i s  a  non-nega t ive  v e c t o r  o f  p a r a m e t e r s .  Eacn 
Regional 
dec is ion-making 
1 eve l  
I Upper Level  Problem I 
( a )  Two-1 evel  dec is ion-making 
Best compromise 
s o l u t i o n  f* 
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Figure  2 .  A l t e r n a t i v e  Modes o f  Implementing t h e  Two-Level 
Mult iobj  e c t i v e  Model 
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e.g. ( i )  afl = m i n ~ f ~  
( i )  A f 2  = ZAf2 
i 
v 
Best  compromise ( f * ,  F*, . . . )  
( b )  More decen t ra l  i zed dec i  s ion-making 
o b j e c t i v e  i s  assumed t o  b e  normal ized s o  t h a t  t h e  d e v i a t i o n s  
M - F .  ( y )  a r e  comparable on t h e  same b a s i s .  T h i s  f u n c t i o n  i s  j  J 
found most r e a s o n a b l e  by K a l l i o  e t  a 1  (1980): I n  t h e  subsequen t  
a p p l i c a t i o n ,  t h i s  f u n c t i o n  i s  used w i t h  p e q u a l  t o  t h e  number o f  
o b j e c t i v e s  and g = 2. S e l e c t i o n  o f  a  p a r t i c u l a r  s c a l a r i z i n g  
f u n c t i o n ,  i n  g e n e r a l ,  r e p r e s e n t s  c e r t a i n  r e a s o n a b l e n e s s  and 
f a i r n e s s  t o  b e  i n c o r p o r a t e d  i n  a  compromise-aiding p rocedu re ,  
b u t  i t  i s  n o t  d e c i s i v e  o f  t h e  v a l i d i t y  o f  t h e  e n t i r e  p l a n n i n g  
s t r u c t u r e  f o rmu la t ed  h e r e i n .  Other  forms o f  f u n c t i o n s  may a s  
w e l l  be used (see Wie rzb i ck i ,  1979, f o r  o t h e r  p r a c t i c a l  f o r m s ) .  
By d e f i n i n g  t h e  bound D f o r  p{u - F j ( y ) j  and Z { u i  - F i ( ~ ) l ,  j  
t h e  lower  l e v e l  problem i s  s o l v e d  i n  t h e  f o l l o w i n g  form: 
A s  s t a t e d  b e f o r e ,  i n  o r d e r  t o  s p e c i f y  amounts o f  p e r m i s s i b l e  
r e d u c t i o n  Af - f o r  t h e  upper l e v e l  problem, it may i n  some cases 
be  n e c e s s a ry  t o  r e l a t e  Af - t o  o b j e c t i v e s  F  o f  t h e  lower l e v e l  j  
problem. F i r s t ,  t r a d e - o f f  c o e f f i c i e n t s  - u among o b j e c t i v e s  c a n  be 
de te rmined  a pos te r ior i  f o r  r e f e r e n c e  o b j e c t i v e  methods (Wie rzb i ck i ,  
1 9 8 0 ) .  Secondly ,  examina t ion  o f  s l a c k  v a r i a b l e s  s - a s s o c i a t e d  w i t h  
non-binding c o n s t r a i n t s  (22)  o f  t h e  lower  l e v e l  problem may t e l l  
how much t h e  a t t a i n e d  l e v e l  - f *  o f  t h e  upper  l e v e l  o b j e c t i v e s  c a n  
be  reduced  w i t h o u t  s a c r i f i c i n g  t h e  lower  l e v e l  o b j e c t i v e s  F .  - 
Also t h e  d u a l  v a r i a b l e s  - X a s s o c i a t e d  w i t h  b i n d i n g  c o n s t r a i n t s  
(22)  c a n  r e l a t e  s a c r i f i c e  AF o f  t h e  lower  l e v e l  o b j e c t i v e s  F  j  j  
t o  i t s  e f f e c t s  on  t h e  o b j e c t i v e s  o f  t h e  upper l e v e l  problem. 
F i g u r e  2 .b  i l l u s t r a t e s  t h e  mode o f  model implementa t ion  i n  t h i s  
c a s e .  
V.  REGIONAL WATER ALLOCATION MODEL 
Ob jec t i ve s  
The upper l e v e l  problem concerns  o p e r a t i o n  o f  t h e  r e g i o n a l  
wa te r  supp ly  system c o n s i s t i n g  o f  Bolmen, Ringsjdn and Vombsjdn 
a s  wa t e r  s o u r c e s  (see F i g u r e  1 ) .  The fo l l owing  f i v e  o b j e c t i v e s  
a r e  cons ide red  f o r  t h e  e n t i r e  v e g e t a t i o n  season  o f  a  c e r t a i n  year  
i n  t h i s  a p p l i c a t i o n :  
( 1 )  Minimize t o t a l  c o s t s  o f  o p e r a t i n g  t hewho le  system; 
( 2 )  Minimize d e v i a t i o n  o f  w a t e r  l e v e l  i n  Vombsjdn from 
t h e  op t imal  l e v e l  f o r  r e c r e a t i o n a l  purposes ;  
( 3 )  Maximize minimum r e l e a s e  from Vombs jdn f o r  downstream 
uses  ; 
( 4 )  Minimize wa te r  l e v e l  d e v i a t i o n  from t h e  maximum l e v e l  
i n  Ringsjdn f o r  r e c r e a t i o n a l  purposes ;  
(5) Maximize minimum r e l e a s e  from Rings jdn f o r  downstream 
uses .  
A s  s t a t e d  i n  S e c t i o n  111, wate r  q u a l i t y  problem i s  a  more 
s e r i o u s  d i s t u r b a n c e  f o r  r e c r e a t i o n a l  uses  o f  Ringsjdn.  However, 
e f f e c t s  o f  i n f l ow  wa te r  q u a l i t y  on  l a k e  wa te r  q u a l i t y  depend on 
t h e  s t o r a g e  volume o f  t h e  l a k e .  Th i s  is  why min imiza t ion  o f  
wa t e r  l e v e l  d e v i a t i o n  from t h e  maximum l e v e l  i n  Ringsjdn i s  
t aken  a s  a  proxy of  w a t e r  q u a l i t y  o b j e c t i v e .  
C o n s t r a i n t s  
A f i r m  y i e l d  t y p e  model ( a  k ind  o f  i m p l i c i t  s t o c h a s t i c  
model) may p rov ide  a  s u i t a b l e  s t r u c t u r e  f o r  t h e  upper l e v n l  
problem. The fo l l owing  mass b a l a n c e  e q u a t i o n s  ho ld  f o r  Vombsjdn 
v  v  v  
among t h e  i n f l ow  q t  , t h e  y i e l d  Y t  , t h e  p r e c i p i t a t i o n  Pt , 
evapo ra t i on  and seepage l o s s e s  itv, and t h e  r e l e a s e  t o  down- 
v v  v  
s t r eam r t  , a l l  i n  t ime p e r i o d  t ,  and t h e  s t o r a g e  St  , St+l  
i n  Vombsjdn i n  p e r i o d s  t and t + l :  
The t i m e  p e r i o d s  t = 1 , 2 ,  . . . , T  c o v e r  t h e  e n t i r e  v e g e t a t i o n  s e a s o n .  
The i n f l o w  time-series {q t}  a r e  e i t h e r  g e n e r a t e d  by s y n t h e t i c  
hydro logy  o r  t a k e n  from h i s t o r i c a l  r e c o r d s .  Assume t h e  l a k e  
i s  f u l l  a t  t h e  b e g i n n i n g  o f  t h e  v e g e t a t i o n  s e a s o n :  
v  The water l e v e l  ht  o f  t h e  l a k e  i s  a  f u n c t i o n  o f  t h e  s t o r a g e :  
The s i m i l a r  c o n s t r a i n t s  a p p l y  t o  R i n g s j d n ,  t o o .  T h a t  i s ,  
The f o l l o w i n g  v a r i a b l e s  a r e  d e f i n e d  f o r  w a t e r  l e v e l  i n .  and  
r e l e a s e  downstream f rom,  b o t h  l a k e s :  
v  v  
r = min r 
-. 
t t f  
R = min r R r 
- t t 
o f  R i n g s j d n  and  Al so  d e f i n e d  a r e  t h e  maximum w a t e r  l e v e l  hmax 
"v t h e  w a t e r  l e v e l  h  o f  Vombsjdn which  i s  c o n s i d e r e d  o p t i m a l  f o r  
r e c r e a t i o n a l  p u r p o s e s .  
C o s t s  a s s o c i a t e d  w i t h  e a c h  component o f  t h e  w a t e r  s u p p l y  
s y s t e m  a r e  d e f i n e d  a s  f o l l o w s .  C o s t s  o f  t r a n s p o r t i n g  w a t e r  
f rom Bolmen t o  t r e a t m e n t  works a t  R i n g s j d n  a r e  g i v e n  by 
C o s t s  o f  t r e a t i n g  w a t e r  f rom Bolmen and R ings  j b n ,  and  t r e a t m e n t  
c o s t s  f o r  Vombsjbn w a t e r  a r e  r e s p e c t i v e l y  
C o s t s  o f  l o c a l  d i s t r i b u t i o n  o f  water depend o n  b o t h  w a t e r  demand 
x  f o r  f i v e  m a j o r  m u n i c i p a l i t i e s  shown i n  F i g u r e  1 ,  c o n n e c t e d  t o  
- 
t h e  s u p p l y  s y s t e m  and  o r i g i n s  o f  water: 
The t o t a l  c o s t  i s  g i v e n  by 
:.lass b a l a n c e  r e l a t i o n s h i p s  have t o  b e  s a t i s f i e d  between 
water demand f o r  some m u n i c i p a l i t i e s  and t h e  y i e l d  f rom a l t e r n a -  
t i v e  water s o u r c e s .  T y p i c a l l y  t h e  f o l l o w i n g  s h o u l d  a lways  h o l d :  
x  a n d  xM r e p r e s e n t  t h e  water demands o f  where xH, xLAr x E I  LD 
H e l s i n g b o r g ,  Landskrona ,  E s l b v ,  Lund and Malmb, r e s p e c t i v e l y .  
A l so  t h e  w a t e r  demand o f  e a c h  m u n i c i p a l i t y  h a s  t o  be s a t i s f i e d .  
I n  a d d i t i o n ,  t h e r e  may be o t h e r  r e l e v a n t  c o n s t r a i n t s  r e l a t e d  
t o  r e q u i r e m e n t s  o n  f i n a l  s t o r a g e  o r  minimum water l e v e l s  o f  
Vombsjbn and R i n g s j d n ,  and  c a p a c i t i e s  o f  t r e a t m e n t  p l a n t s  o r  
i n t a k e  f a c i l i t i e s  a t  Vombs jdn  and  R i n g s j b n .  
The r e g i o n a l  w a t e r  a l l o c a t i o n  problem i s  f o r m u l a t e d  as t h e  
f o l l o w i n g  m u l t i - o b  j e c t i v e  program: 
min TC 
v  "V 
min 15 - h  1 
v  
max r 
- 
max g R 
s u b j e c t  t o  t h e  c o n s t r a i n t s  ( 2 3 )  - ( 3 8 )  and a d d i t i o n a l  c o n s t r a i n t s  
i f  a p p r o p r i a t e .  
A Lower Level  Problem 
Based on b o t h  j u r i s d i c t i o n a l  and wa te r - shed  b o u n d a r i e s ,  
f i v e  a g g r e g a t e d  a g r i c u l t u r a l  u s e r s  can  be  i d e n t i f i e d ,  who a r e  
assumed t o  a c t  i n  p r i n c i p l e  i n d e p e n d e n t l y .  Also  two s e p a r a t e  
r e c r e a t i o n a l  a c t i v i t i e s  - t h e  l ake -based  o n e  and t h e  one  i n  t h e  
downstream o f  KAvlinge r i v e r  - a r e  i d e n t i f i e d .  The s y s t e m  i s  
s c h e m e t i c a l l y  r e p r e s e n t e d  by F i g u r e  3. The a g r i c u l t u r a l  u s e r s  
a r e  i d e n t i f i e d  by s u p e r s c r i p t  S1,  S2, Ld, Ev and KL, which s t a n d  
f o r  t h e  m u n i c i p a l i t y  o f  S jdbo  i n  upper  Kav l inge  sub-bas in  and 
i n  ~ l i n ~ a v a l s g n  sub-bas in ,  Lund i n  K l i n g a v a l s ? n ,  E s l o v  i n  mid- 
s t r e a m  Kavl inge  and t h e  m u n i c i p a l i t i e s  o f  Kav l inge  and Lomma 
(combined) i n  downstream Kavl inge ,  r e s p e c t i v e l y .  The r e c r e a -  
t i o n a l  a c t i v i t i e s  a r e  r e p r e s e n t e d  by V and K f o r  Vombsjdn and 
Kavl inge  . 
O b j e c t i v e s  
Assume e a c h  a g r i c u l t u r a l  w a t e r  u s e r  t r ies  t o  i n c r e a s e  c r o p  
y i e l d  from h i s  a r e a  by i r r i g a t i o n  and f e r t i l i z a t i o n .  A l t e r n a t i v e l y  
n e t  b e n e f i t s  from a g r i c u l t u r a l  p r o d u c t i o n  may be used a s  t h e  ob- 
j e c t i v e  f o r  each  a g r i c u l t u r a l  u s e r ,  b u t  t h i s  i s  n o t  a t t e m p t e d  
h e r e .  
Water-based r e c r e a t i o n a l  a c t i v i t i e s  depend on'  q u a l i t y  and 
q u a n t i t y  o f  w a t e r  a v a i l a b l e  a t  r e c r e a t i o n  s i tes ,  l a k e  w a t e r  l e v e l  
and i t s  f l u c t u a t i o n  and o t h e r  f a c t o r s .  S i n c e  no mddel i s  a v a i l -  
a b l e  t o  r e l a t e  t h e s e  d i f f e r e n t  f a c t o r s  t o  a  more commensurable 
o r  compos i t e  measure i n  o r d e r  t o  r e p r e s e n t  r e c r e a t i o n a l  a c t i v i t i e s  
j u s t  c o n s i d e r  i n  t h i s  s t u d y  o p t i m i z i n g  w a t e r  q u a l i t y  a t  a p p r o p r i a t e  
p o i n t s  - i . e .  a t  Vombsjdn and a t  t h e  downstream Kavl inge .  
C o n s t r a i n t s  
For t h e  a g r i c u l t u r a l  u s e r  S1,  t h e  f o l l o w i n g  c o n s t r a i n t s  a p p l y .  
F i r s t ,  t h e  mass b a l a n c e  f o r  s o i l  m o i s t u r e  i n  a g r i c u l t u r a l  l a n d  
4 
cll n 
p: 3 3 
. 
> 
l a n d  i s  g i v e n  by 
where mt S1 S1 r e p r e s e n t  s o i l  mo i s tu r e  i n  t i m e  p e r i o d s  
and S1 mt+lS1 
t and t + l ,  ut  , vt  , E t  S1 and P t  S1 a r e  i r r i g a t i o n ,  s u r f a c e  
run-of f ,  e v a p o t r a n s p i r a t i o n  and p r e c i p i t a t i o n  f o r  t h e  a g r i c u l t u r a l  
l a n d  i n  p e r i o d  t .  Seepage t o  groundwater  i s  i gno red .  The d i f -  
f e r e n c e  between a c t u a l  and p o t e n t i a l  e v a p o t r a n s p i r a t i o n  E t  S  1 
and E i n  p e r i o d  t d i v i d e d  by t h e  l a t t e r  d e f i n e s  r e l a t i v e  
P  t S  1 
m o i s t u r e  d e f i c i t  d t  : 
S  1 A y i e l d  r e d u c t i o n  f u n c t i o n  a t  ( d tS1 )  f o r  p e r i o d  t can be  
d e f i n e d  a s  a  f u n c t i o n  o f  t h e  r e l a t i v e  mo i s tu r e  d e f i c i t ,  and t h e  
e f f e c t  o f  f e r t i l i z e r  a p p l i c a t i o n  fS1 on c r o p  y i e l d  i s  r e p r e s e n t e d  
by a n o t h e r  f u n c t i o n  b  ( fC1 ) . The p roduc t i on  f u n c t i o n  f o r  t h i s  
a g r i c u l t u r a l  a c t i v i t y  r e l a t e  t h e s e  f u n c t i o n s  t o  t h e  t o t a l  y i e l d  
p e r  u n i t  a r e a  yS1 . Assuming l i n e a r i t y ,  t h e  p r o d u c t i o n  f u n c t i o n  
i s  g i v e n  by 
where Ymax S1 i s  t h e  maximum p o t e n t i a l  y i e l d  w i t h o u t  f e r t i l i z a -  
t i o n ,  i f  t h e r e  is  no m o i s t u r e  d e f i c i t  d u r i n g  t h e  e n t i r e  vege ta -  
t i o n  season .  The s i m i l a r  r e l a t i o n s h i p s  hold  f o r  o t h e r  a g r i c u l -  
t u r a l  u s e r s .  
L e t  q u a n t i t y  and q u a l i t y  o f  i n f l ow  i n  p e r i o d  t i n t o  t h e  
1 
sys tem - on - t h r e e  t r i b u t a r i e s  be (qto,  w t O )  , ( q t  , w t l )  and 
2 ( q t  , w ') a s  shown i n  f i g u r e  2 (where t h e  s u b s c r i p t  t is  t S1  S2 Ld Ev KL 
o m i t t e d  f o r  c l a r i t y ) .  L e t  q t  , qt  q t  q t  and q t  
denote  t h e  q u a n t i t y  o f  w a t e r  a v a i l a b l e  f o r  r e s p e c t i v e  a g r i c u l -  
t u r a l  u s e r s .  These a r e  g i v e n  by t h e  fo l l owing :  
S2 
q t  = qt' . 
Ld S2 S2 
- v  s2)AS2 - ( u t  S2Ld q t  = q t  t + I t  
Ev = r v0 - VO v  
q t  (q t - q t  ) + q t  Ld - t 
Id - v Ld I ALd LdE v  
- ( u t  t + I t  (50)  
KL - Ev KL - KL) AKL EvKL 
- ( u t  2  q t  - q t  t + I t  + q t  (51 
Here A S 2 ,  ALd and AKL r e p r e s e n t  r e s p e c t i v e  a g r i c u l t u r a l  a r e a ,  
and I t  S  2Ld I t  LdEv and I t  EvKL a r e  i n t e r f l o w i  between a g r i c u l -  
t u r a l  s i tes  S2 and Ld, Ld and Ev, and Ev and KL, r e s p e c t i v e l y .  
Note i n  t h e  e q u a t i o n  f o r  qtEv,  t h e  r e l e a s e  from Vombsjdn r t  VO 
g i v e n  a s  a n  o u t p u t  from t h e  upper l e v e l  problem i s  a d j u s t e d  by 
d i f f e r e n c e  between o r i g i n a l  and a c t u a l  i n f l o w  q t  V0 and q  i n t o  t 
Vombsjdn; t h e  l a t t e r  i s  g iven  by 
where I t  S  1V i s  i n t e r f l o w  between a g r i c u l t u r a l  s i t e  S1 and 
Vombsjdn. F i n a l l y ,  f low q t K  i n  p e r i o d  t a t  c o n t r o l  p o i n t  o f  
downstream Kavl inge  r i v e r  i s  g iven  by 
I r r i g a t i o n  r a t e  a t  each a g r i c u l t u r a l  s i t e  is c o n s t r a i n e d  
by flow a v a i l a b l e  a t  t h e  s i t e :  
where AG r e p r e s e n t s  any a g r i c u l t u r a l  u s e r .  
Next, wa t e r  q u a l i t y  a t  each  a g r i c u l t u r a l  s i t e  and a t  
Vombsjdn and t h e  downstream Kavl inge i s  a l s o  computed based on 
mass ba l ance  f o r  a  c o n s e r v a t i v e  subs t ance  (e  .g  . t o t a l  phosphorus ,  
a  major concern  i n  a g r i c u l t u r a l  r un -o f f s )  . For t i m e  p e r i o d  t l  
t h e s e  a r e  g i v e n  a s  fo l l ows :  
Ev = [irtVO- VO - v  v  Ld LdALd) Ld Wt ( q t  q, ) )wt + (q t  - Ut Wt 
LdALd Ld LdEvL LdEv Ev 
+ vt Rt + I t  t l / q t  I 
Ev EvAEv Ev Ev Ev + 
W 
- Ut ) Wt + V A R t  t t 
EvKLL EvKL 2 2 KL 
+ I t  t + q t  W t  ) /q t  I 
where Rt  S2 Ld Ev I R t  t Rt  I Rt  S1 and R t  KL a r e  q u a l i t y  o f  s u r f a c e  
run -o f f s  from r e s p e c t i v e  a g r i c u l t u r a l  s i t e ,  and L +  S2Ld LdEv 
1 L +  I I- L 
Lt EvKL and Lt  r e p r e s e n t  q u a l i t y  o f  i n t e r f l o w .  S i n c e  t h e  
o p e r a t i n g  r u l e  f o r  Vombsjdn has  been s p e c i f i e d  by t h e  upper 
v  l e v e l  problem, q u a l i t y  Wt of  l a k e  wa te r  i n  VombsjBn can a l s o  
be g iven  by s imp le  mass ba l ance  f o r  t h e  c o n s e r v a t i v e  subs t ance :  
where St V0 i s  t h e  s t o r a g e  i n  p e r i o d  t s p e c i f i e d  by t h e  upper 
l e v e l  problem. The q u a l i t y  o f  a g r i c u l t u r a l  run-of f s  i n  g e n e r a l  
is  a  f u n c t i o n  o f  i r r i g a t i o n  r a t e  and f e r t i l i z e r  a p p l i c a t i o n :  
where AG r e p r e s e n t s  any a g r i c u l t u r a l  u s e r .  
F i n a l l y  some a d d i t i o n a l  c o n s t r a i n t s  a r e  n e c e s s a r y  t o  com- 
p l e t e  t h e  l i s t .  Def ine  bounds f o r  w a t e r  q u a l i t y  i n  Vombsjdn 
and downstream Kavl inge:  
S e t  w a t e r  q u a l i t y  s t a n d a r d  and  minimum f low r e q u i r e m e n t s  a t  t h e  
c o n t r o l  p o i n t  o f  downstream Kavl inge .  
wK < w K 
- max 
The Kav l inge  r i v e r  b a s i n  problem i s  f o r m u l a t e d  a s  t h e  
f o l l o w i n g  m u l t i - o b j e c t i v e  program: 
max Y S1 ( 6 8 )  
max Y S2 ( 6 9 )  
max yLd 
max yEV ( 7 1 )  
max yKL ( 7 2 )  
min GV 
-K 
min w 
s u b j e c t  t o  t h e  c o n s t r a i n t s  ( 4 4 )  - ( 6 7 )  and o t h e r s  s u g g e s t e d  i n  t h e  
t e x t  above.  
V I I  . NUMERICAL EXAMPLE 
The two- leve l  mu1 t i - o b j  e c t i v e  program f o r  water r e s o u r c e  
a l l o c a t i o n  problem i n  Western ~ k s n e  i s  s o l v e d  u s i n g  a s  much a s  
p o s s i b l e  d a t a  o b t a i n e d  f o r  t h e  r e g i o n .  The model implementa- 
t i o n  scheme g i v e n  i n  F i g u r e  2 . a  i s  f o l l o w e d  f o r  t h i s  example. 
Non- l inear  r e l a t i o n s h i p s  a r e  approximated  by e i t h e r  l i n e a r  o r  
p iece-wise  l i n e a r  f u n c t i o n s .  A month i s  t a k e n  a s  a  t i m e  p e r i o d  
t f o r  t h e  upper  l e v e l  problem, and t = 1 , 2 , 3 , 4  and 5 c o v e r  t h e  
v e g e t a t i o n  s e a s o n  - May t h r o u g h  September - and  lower  l e v e l  
problems d e a l  w i t h  t h e  s a m e  s e a s o n .  
Upper Leve l  Problem - Regiona l  Water A l l o c a t i o n  Model 
Data 
Water demand f o r  f i v e  m u n i c i p a l i t i e s  connec ted  t o  t h e  
r e g i o n a l  w a t e r  s u p p l y  sys tem i s  based  on f o r e c a s t s  made f o r  t h e  
y e a r  2 0 0 0  and  g i v e n  i n  T a b l e  1 .  Data g i v e n  i n  T a b l e  2  on i n f l o w  
i n t o  Vombs jdn  and R i n g s j d n ,  p r e c i p i t a t i o n  and e v a p o r a t i o n  f o r  
t h e s e  l a k e s  have  been t a k e n  from r e c o r d s  f o r  y e a r  1976, which 
is a  r e c e n t  d r y  y e a r .  The s t o r a g e  func t i .ons  f o r  Vombsjdn and 
Rings jdn a r e  approximated  by l i n e a r  f u n c t i o n s  f o r  r a n g e s  o f  
concern  : 
Assume w a t e r  l e v e l  o f  Vombsjdn t h a t  i s  c o n s i d e r e d  o p t i m a l  f o r  
r e c r e a t i o n a l  a c t i v i t i e s  be 20.9 m. U n i t  c o s t  o f  t r e a t i n g  and 
t r a n s p o r t i n g  w a t e r  i s  g i v e n  on e a c h  a r c  o f  t h e  ne twork i n  
F i g u r e  4 .  A d d i t i o n a l l y  minimum r e q u i r e m e n t s  a r e  s e t  f o r  r e l e a s e  
3  from Vombs jdn and Rings  jdn  a s  - rV - > 0 .78  Mm /month znd r R  > 1.30 
- - 
? 
MmJ/month based  on c u r r e n t  o p e r a t i n g  r u l e s  f o r  t h e s e  l a k e s .  
S o l u t i o n  and  R e s u l t s  
A p r e l i m i n a r y  s t e p  of  STEM i s  t o  c o n s t r u c t  a  pay-off  m a t r i x .  
Each row o f  t h e  pay-off  m a t r i x  g i v e n  i n  T a b l e  3  c o r r e s p o n d s  t o  
t h e  s o l u t i o n  v e c t o r  o b t a i n e d  by s o l v i n g  a n  a u x i l i a r y  problem 
which i s  t o  o p t i m i z e  one  o b j e c t i v e  s u b j e c t  t o  t h e  same set o f  
Table  1 .  F o r e c a s t  Water Demand f o r  F ive  M u n i c i p a l i t i e s  
Source:  Sydva t t en ,  Prognos 73 
M u n i c i p a l i t y  
He ls ingborg  
Landskrona 
L und 
Malmtl 
Esl t lv 
Tab le  2. Hydrologic  and Re l a t ed  Data f o r  Upper Leve l  problem 
Demand (Mm3/month) 
2.58 
0.79 
1.63 
6.14 
0.55 
T o t a l  11.69 
Vombs jtln 
v In f low q t  
P r e c i p i t a t i o n  ptv 
E v a p o ra t i on  l o s s  It v 
Rings jdn  
In f low q t  R 
P r e c i p i t a t i o n  pt R 
Evapora t ion  l o s s  I t  R 
T i m e  p e r i o d  
1 2 3 4 5 
Ma Y June  J u i y  Aug. S e p t .  
Mm3/month 
3.88 5.24 0.32 0.48 1.32 
0.81 0.59 0.78 0.20 0.59 
1.08 1.60 1.84 1.60 0.97 
5..73 6.01 4.07 1.34 2.13 
1.87 1.71 1.52 1.21 1 .42 
3.44 5.10 5.88 5.10 3.10 
Legend: (- Treatment arc 
4 ,  Transmission Arc 
The unit costs are given in l o 3  Skr/month 
per unit water flow expressed in Mm3/month 
Figure 4. Unit Cost of Treatment and Transmission 
c o n s t r a i n t s  t h a t  c o n s t i t u t e s  t h e  upper l e v e l  problem. The 
d i a g o n a l  e l ement  o f  t h e  i t h  row i s  t h e  o p t i m a l  v a l u e  o f  t h e  
i t h  o b j e c t i v e  o f  t h e  upper l e v e l  problem, and o f f - d i a g o n a l  
e l e m e n t s  a r e  v a l u e s  a t t a i n e d  by o t h e r  o b j e c t i v e s  when t h e  i t h  
o b j e c t i v e  i s  o p t i m i z e d .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  
r e l e a s e  from Vombsjdn and Rings jdn is a t  r e s p e c t i v e  minimum 
l e v e l  when o t h e r  o b j e c t i v e s  a r e  o p t i m i z e d .  T h a t  i s ,  t h e s e  
o b j e c t i v e s  t e n d  t o  be s a c r i f i c e d  i n  f a v o r  o f  o t h e r s  u n l e s s  t h e y  
a r e  e x p l i c i t l y  c o n s i d e r e d  i n  m u l t i - o b j e c t i v e  programs.  
Not ing  t h r e e  o u t  o f  f i v e  o b j e c t i v e s  a r e  t o  be  minimized 
(i. e .  n e g a t i v e  o f  t h e s e  o b j e c t i v e s  i s  maximized) , w e i g h t i n g  
I 
v e c t o r  w i n  t h e  upper l e v e l  problem [ l b ]  c a n  be computed 
- 
a c c o r d i n g  t o  e q u a t i o n  ( 6 )  a s  w 1  - = {0.358,  0 .225,  0.113,  0.229,  
0 .075) .  The f i r s t  i t e r a t i o n  o f  STEM u s i n g  t h i s  w e i g h t i n g  v e c t o r  
w1 - y i e l d s  t h e  s o l u t i o n  g i v e n  i n  t h e  f i r s t  r o w  o f  t h e  m a t r i x  i n  
Tab le  4 .  Next a  q u e s t i o n  i s  asked t o  t h e  dec i s ion-maker ,  t o  
i d e n t i f y  o b j e c t i v e s  f o r  which t h e  l e v e l s  o f  a t t a i n m e n t  a r e  
s a t i s f a c t o r y  t o  him. Suppose he  i s  s a t i s f i e d  w i t h  t h e  r e l e a s e  
from Vombsjdn and R i n g s j d n .  Then t h e  decis ion-maker  is  asked 
t o  s p e c i f y  t h e  amounts o f  p e r m i s s i b l e  r e d u c t i o n  f o r  t h e s e  
s a t i s f a c t o r y  o b j e c t i v e s  i n  o r d e r  t o  improve a t t a i n m e n t  o f  t h r e e  
0 t h e r  ob  j  e c t i v e s  - t o t a l  c o s t  o f  s y s  t e m  o p e r a t i o n ,  w a t e r - l e v e l  
d e v i a t i o n  i n  Vombsjdn and Rings jdn .  The decis ion-maker  i s  
w i l l i n g  t o  a c c e p t  l e v e l s  o f  t h e  s a t i s f a c t o r y  o b j e c t i v e s  - rV and 
3 3  rR a s  low a s  4.79 Mm /month and 8 - 4 2  Mm /month, r e s p e c t i v e l y ,  
- 
a s  i n d i c a t e d  i n  T a b l e  4 .  
The second s o l u t i o n  i n  T a b l e  4 is  o b t a i n e d  by s o l v i n g  
t h e  modi f i ed  upper l e v e l  problem [ I c ]  w i t h  t h e  s p e c i f i e d  Af = 
{ O ,  0 ,  2.0 ,  0 .  8.01 and w e i g h t i n g  v e c t o r  w2 - = I 0 . 4 4 1 ,  0.277,  0 ,  
0.282,  01, which i s  c a l c u l a t e d  i n  t h e  same way a s  b e f o r e .  The 
w e i g h t s  f o r  s a t i s f a c t o r y  o b j e c t i v e s  a r e  se t  t o  z e r o .  Observing 
t h e  second s o l u t i o n ,  t h e  decis ion-maker  f i n d s  t h e  w a t e r  l e v e l  
d e v i a t i o n  i n  R ings jdn  t o  be s a t i s f a c t o r i l y  s m a l l ,  and d e c i d e s  t h a t  
i t  c a n  be i n c r e a s e d  t o  1.30 m a t  most.  H e  a l s o  d e c i d e s  t o  a c c e p t  
somewhat lower  a t t a i n m e n t  f o r  two o b j e c t i v e s  t h a t  have  a l r e a d y  
been found s a t i s f a c t o r y  - i . e .  rV > 4.29 and rR > 7.42 - i n  an  
- - - - 
Table 3. Payoff Matrix of  Five Ob jec t ives  o f  
Upper Level Problem 
Table 4. Implementation o f  Upper Level Problem w i t h  Five 
Non-infer ior  S o l u t i o n s  
r 
R 
- 
~m3/month 
1 . 3 0  
1 . 3 0  
1 . 3 0  
1 . 3 0  
2 1 . 8 8  
Objec t ives  
TC + min 
cv - hV + min 
- 
v  
r + m a x  
- 
h - hR -+ min 
- max 
rR - + max 
S p e c i f i c a t i o n  o f  p e r m i s s i b l e  r e d u c t i o n  f o r  s a t i s f a c t o r y  o b j e c t i v e s  
a t  each i t e r a t i v e  s t e p  i s  i n d i c a t e d  by arrows. 
TC 
MSkr/ 
season 
9 . 9 1  
1 0 . 7 6  
1 1 . 5 0  
1 0 . 4 4  
h -h R 
max - 
m 
1 . 9 2  
1 . 1 3  
I 1 . 3 0  
1 . 3 0  
1 . 3 0  
So lu t ion  N o .  
1  
2  
3  
4  
G v - ~ V  
- 
m 
3 . 5 2  
0 . 2 8  
3.09 
3 . 5 2  
rv  i h R -h R 
Av h  -IJV 
m 
1 . 6 6  
1 . 6 6  
1 . 5 6  
1 . 4 5  
r 
- 
3  Mm /month 
1 6 . 4 2  
1 8 . 4 2  
8 . 4 2  
1 7 . 4 2  
1 0 . 0 7  
L 7 . 0 0  
1 0 . 0 7  
TC 
MSkr/ 
season 
1 0 . 7 7  
1 0 . 7 7  
1 0 . 7 2  
1 0 . 7 2  
1 0 . 8 4  
-. ! 
Mm3/ 
month 
0 . 7 8  
0 . 7 8  
1 0 . 4 2  
0 . 7 8  
v  
r 
m3/ 
month 
6 . 7 9  
3 
4 . 7 3  
4 . 7 9  
I 
4 . 2 9  
4 . 2 9  
1 4 . 0 0  
4 . 0 0  
5  
- 
max - 
m 
0 . 3 9  
0 . 3 9  
2 . 6 0  
0 . 1 3  
1 . 5 6  1 0 . 6 4  
3 . 5 2  I 0 . 7 8  2 . 1 6  
4 . 0 0  1 1 . 3 0  
I 
1 0 . 0 7  
a t t e m p t  t o  improve v a l u e s  o f  two o t h e r  o b j e c t i v e s  t h a t  a r e  
s t i l l  u n s a t i s f a c t o r y  t o  him. 
For  t h e  t h i r d  i t e r a t i o n ,  w e i g h t i n g  v e c t o r  i s  c a l c u l a t e d  t o  
b e  w 3  - = 10.613, 0.387,  0 ,  0,  0 ) .  Observing a  modest improve- 
ment o f  t o t a l  c o s t s  i n  t h e  t h i r d  s o l u t i o n ,  t h e  dec i s ion-maker  
d e c i d e s  t o  s a t i s f y  h i m s e l f  w i t h  t h i s  l e v e l  o f  a t t a i n m e n t  and 
wants  t o  improve t h e  w a t e r  l e v e l  d e v i a t i o n  i n  Vombsjdn by 
f u r t h e r  s a c r i f i c i n g  t h e  release o b j e c t i v e s  - rV and rR - a s  i n d i c a t e d  
i n  T a b l e  4 ,  and t h e  f o u r t h  s o l u t i o n  o b t a i n e d .  The decis ion-maker  
may a l s o  want t o  f i n d  o u t  e f f e c t s  o f  min imiz ing  t h e  t o t a l  c o s t s  
under t h e  same c o n d i t i o n s  s p e c i f i e d  a f t e r  t h e  t h i r d  i t e r a t i o n .  
The r e s u l t s  a r e  g i v e n  as t h e  f i f t h  s o l u t i o n  i n  T a b l e  4 .  
I t  may happen i n  t h e  c o u r s e  o f  i t e r a t i v e  p r o c e d u r e  t h a t  
t h e  decis ion-maker  f i n d s  i t  i m p o s s i b l e  t o  improve some o b j e c t i v e s  
t o  s a t i s f a c t o r y  l e v e l s  w i t h o u t  d r i v i n g  o t h e r  o b j e c t i v e s  which 
have been found s a t i s f a c t o r y  i n  e a r l i e r  s t e p s  t o  u n s a t i s f a c t o r y  
l e v e l s ;  t h a t  i s ,  STEM may f a i l  t o  f i n d  a  compromise s o l u t i o n .  
I n  t h i s  c a s e ,  d e c i s i o n - m a k e r ' s  p r e f e r e n c e s  have t o  b e  changed 
o r  t h e  upper  l e v e l  problem h a s  t o  b e  r e f o r m u l a t e d  w i t h  modi f i ca -  
t o n s  such  a s  reduced demand f o r  m u n i c i p a l  w a t e r  u s e s ,  The 
p r e v i o u s  round o f  i t e r a t i v e  p rocedure  may s t i l l  s e r v e  f o r  an  
e d u c a t i o n a l  purpose ,  and l e a d  t h e  dec i s ion-maker  t o  change h i s  
r e q u i r e m e n t s  i n  a  more r e a l i s t i c  way. Then a n o t h e r  round o f  
i t e r a t i o n  may b e  i n i t i a t e d  w i t h  modi f i ed  pay-off m a t r i x .  
The more d e t a i l s  o f  t h e  f i f t h  s o l u t i o n  i s  summarized i n  
T a b l e  3 ,  where t h e  s t o r a g e  and t h e  w a t e r  l e v e l  i n ,  and t h e  
r e l e a s e  from, t w o  l a k e s ,  and t h e  water y i e l d  from t h r e e  a l t e r -  
n a t i v e  s o u r c e s  a r e  g i v e n  f o r  each  month. Note t h e  y i e l d  from 
Vombsjdn and Bolmen v a r y  among months, and Rings jdn  is  u t i l i z e d  
t o  i t s  maximum i n t a k e  c a p a c i t y  f o r  a l l  t h e  months. Lower l e v e l  
problems may b e  s o l v e d  u s i n g  t h i s  s o l u t i o n  a s  t h e  i n p u t .  
Lower Leve l  Problem - Kavl inge  River  Bas in  Model 
Data 
The Kavl inge  r i v e r  b a s i n  model - one o f  t h e  lower  l e v e l  
problems - i s  s o l v e d  i n  t h i s  s u b s e c t i o n  u s i n g  t h e  c o n d i t i o n s  
s p e c i f i e d  by t h e  f i f t h  s o l u t i o n  (See  T a b l e s  4 and 5 )  o f  t h e  
T a b l e  5 .  Deta i l s  o f  a Compromise S o l u t i o n  
( t h e  f i f t h  s o l u t i o n  i n  T a b l e  4 )  
u p p e r  l e v e l  p r o b l e m  as i n p u t s .  A n a l y s i s  o n  t h e  l o w e r  l e v e l  
p r o b l e m  may b e  b a s e d  o n  t h e  most c r i t i c a l  month i d e n t i f i e d  by 
t h e  u p p e r  l e v e l  p r o b l e m .  However,  c o n s i d e r i n g  d i f f e r e n t  e f f e c t s  
o f  i r r i g a t i o n  i n  p a r t i c u l a r  t i m e  o f  t h e  s e a s o n ,  t h e  e n t i r e  
v e g e t a t i o n  s e a s o n  i s  d i v i d e d  i n t o  t h r e e  p e r i o d s  - May/June,  
J u l y ,  a n d  Augus t / S e p t e m b e r  . 
Vombs j d n  
S t o r a g e  Mm 3  
Water l e v e l  m 
Release Mm3/month 
Y i e l d  l4rn3/month 
R i n g s  j d n  
S t o r a g e  Mm3 
Water l e v e l  m 
Release Mm3/month 
Y i e l d  Mm3/month 
Bolmen 
Y i e l d  Flm3/month I 
! 
H y d r o l o g i c  d a t a  i n c l u d i n g  water q u a l i t y  e x p r e s s e d  i n  
Time p e r i o d  
1  2  3  4  5  
90 8  5  8  2  77 72 
20 . 9  2 0 . 5  20.2  1 9 . 8  19.4  
4 . 00  4 .00  4 .00  4 .00  23.28 
4 . 7 3  3 .38 0  0  4 . 7 3  
214 206 194 180 1 6 3  
5 4 . 8  5 4 . 5  54 . 2  53 .9  5 3 . 5  
1 0 . 0 7  10 . 07  10 . 07  10 . 07  1 0 . 0 7  
3 .55 3 . 55  3 . 5 5  3 .55 3 . 55  
3 .42 '  4 . 77  8 . 1 5  8 . 1 5  3.42 
c o n c e n t r a t i o n  o f  t o t a l  p h o s p h o r u s  are  g i v e n  i n  T a b l e  6  f o r  t h e  
t h r e e  p e r i o d s .  A l s o  g i v e n  is  p o t e n t i a l  e v a p o t r a n s p i r a t i o n  f o r  
t h e s e  p e r i o d s .  
Components  o f  p r o d u c t i o n  f u n c t i o n  f o r  a g r i c u l t u r a l  water 
u s e r s  are estimated b a s e d  o n  t h e  U n i v e r s i t y  o f  U p p s a l a  s t u d y  
c o n c e r n i n g  e f f e c t s  o f  i r r i g a t i o n  and  f e r t i l i z a t i o n  o n  p o t a t o e s  
( J o h a n s s o n  a n d  L i n n e r  1 9 7 7 ,  L i n n e r ,  1 9 7 9 ) .  F i r s t  t h e  y i e l d  
r e d u c t i o n  f u n c t i o n  f o r  e a c h  p e r i o d  i s  a p p r o x i m a t e d  by  a p i e c e w i s e  
Table 6 .  Hydrologic and Related Data f o r  KBvlinge 
River Models ( a  lower l e v e l  problem) 
l i n e a r  funct ion  a s  shown i n  Figure 5. E f f e c t s  of f e r t i l i z a t i o n  
a r e  expressed a s  incremental  y i e l d  obtained by applying a  cer -  
t a i n  kind o f  f e r t i l i z e r .  Piecewise l i n e a r i z a t i o n  i s  used f o r  
t h i s  component, too,  a s  given i n  Figure 6 . The maximum y i e l d  
'max 
without f e r t i l i z a t i o n  i s  est imated t o  be 27.2 ton/ha and 
assumed t o  be the  same f o r  a l l  the  a g r i c u l t u r a l  s i t e s .  F ie ld  
capaci ty  of s o i l  i s  57 mrn i n  r o o t  zone. 
0 3  Inflow qt [ m  / s e c ]  
q t l  
t2 
In ter f low I [m3/sec] 
I S2Ld 
ILdEv 
I EvKL 
O S1v [ ~ g / a  Water wt , L 
-- 
q u a l i t y w  1 SZLd t o t a l  
t f L  
L LdEv phos- phorus.] : 
2 
w t 
,.,EvKL 
P o t e n t i a l  evapotranspira-  
t i o n  [ mm/period] 
Time period 
1 2 I  
1.17 0.12 
0.35 0.15 0 - 0 9  .12 i 
0.47 0.19 0.24 1 
0.59 0 0.60 
0.35 0.14 0.12 
0.19 0.08 0.07 
3.56 2.01 1.31 
148 2 10 226 i 
92 68 69 
8 30 351 0 2800 
142 160 140 
I 
195 10 3 119 j 1 
Yie ld  A 1.0 0.99 Y i e l d  1 . 0  0.99 
r e d u c t i o n  r e d u c t i o n  0.9 8 
c o e f f i c i e n t  c o e f f i c i e n t  
a l  ( d l  
0.75 1.0 0 3  5 0.5 0.7 5 1.0 
R e l a t i v e  m o i s t u r e  d l  R e l a t i v e  m o i s t u r e  d2 
d e f i c i t  d e f i c i t  
Y i e l d  
r e d u c t i o n  
c o e f  f i c i e n  
R e l a t i v e  m o i s t u r e  
d e f i c i t  
F i g u r e  5 .  P i e c e w i s e  L i n e a r  Approximation o f  Y i e l d  Reduct ion  
F u n c t i o n s  f o r  Three  P e r i o d s  
A 
A d d i t i o n a l  1 2  1.9 
c r o p  y i e l d  
b (£1 
ton /ha  
0 b 
9 1 1 8 2  2 7 3  
%/ha 
F e r t i l i z e r  a p p l i c a t i o n  
F i g u r e  6. P i e c e w i s e  L i n e a r  Approximation o f  F e r t i l i z a t i o n  
E f f e c t s  
I r r i g a t i o n  a r e a  f o r  e a c h  a g r i c u l t u r a l  u s e r  i s  g i v e n  i n  
T a b l e  7 .  S u r f a c e  r u n - o f f s  f rom a g r i c u l t u r a l  s i tes  depend o n  
s o i l  m o i s t u r e ,  i r r i g a t i o n  p r a c t i c e  and o t h e r  f a c t o r s ,  b u t  i n  
t h i s  example ,  s i m p l e  water l o s s  c o e f f i c i e n t s  a s  g i v e n  i n  Tab le  
7 a r e  used  as rough estimate o f  a  p a r t  o f  i r r i g a t i o n  w a t e r  
n o t  r e t u r n e d  t o  t h e  stream s y s t e m  ( i . e .  consumpt ive  u s e s )  . 
S o l u t i o n s  a n d  R e s u 2 t . s  
To s o l v e  t h e  lower  l e v e l  problem,  t h e  p e n a l t y  s c a l a r i n g  
f u n c t i o n  ( 1 8 )  i s  used w i t h  p = 7 (number o f  o b j e c t i v e s )  and 
E = 0 ,  a f t e r  a l l  t h e  o b j e c t i v e s  a r e  n o r m a l i z e d  s o  t h a t  d e v i a t i o n  
- - 
from r e f e r e n c e  o b j e c t i v e  l e v e l s  a r e  comparable  t o  e a c h  o t h e r .  
To n o r m a l i z e  t h e  o b j e c t i v e s ,  f i r s t  maximum a t t a i n a b l e  l e v e l  i n  
t h e  a b s e n c e  o f  o t h e r  o b j e c t i v e s  w a s  found o u t  f o r  e a c h  o b j e c -  
t i v e ,  by o p t i m i z i n g  e a c h  o b j e c t i v e  s u b j e c t  t o  t h e  same c o n s t r a i n t s  
t h a t  c o n s t i t u t e  t h e  lower  l e v e l  problem. T a b l e  8  g i v e s  t h e  
maximum v a l u e s  f o r  s e v e n  o b j e c t i v e s ,  where water q u a l i t y  a t  
Vornbs jdn  and downstream Kav l inge  i s  e x p r e s s e d  i n  t e r m s  o f  improve- 
ment f rom t h e  w o r s t  - 506 pg / l  and 830 p g / l  o f  t o t a l  phosphorus ,  
r e s p e c t i v e l y .  A l l  t h e  o b j e c t i v e s  a r e  d i v i d e d  by t h e  r e s p e c t i v e  
maximum v a l u e s  (minimum v a l u e  f o r  e a c h  o b j e c t i v e  i s  z e r o )  . 
A r e f e r e n c e  p o i n t  a t  f i r s t  i s  t a k e n  t o  be t h e  maximum 
v a l u e s  o f  a l l  t h e  o b j e c t i v e s .  T h i s  p o i n t  n a t u r a l l y  c a n n o t  be 
a t t a i n e d .  The r e f e r e n c e  p o i n t  o p t i m i z a t i o n  w i t h  t h e  p e n a l t y  
s c a l a r i z i n g  f u n c t i o n  d e f i n e d  above  y i e l d s  t h e  r e s u l t s  g i v e n  i n  
t h e  f i r s t  two rows o f  Tab le  9 .  A t t a i n m e n t  r a t i o  AR f o r  e a c h  
o b j e c t i v e  i s  c a l c u l a t e d  a c c o r d i n g  t o  
AR = A t t a i n e d  v a l u e  I 
B e s t  v a l u e  
and  g i v e n  a l s o  i n  T a b l e  9 .  The a t t a i n m e n t  r a t i o s  a r e  w e l l  
b a l a n c e d  among s e v e n  o b j e c t i v e s  i n  t h i s  problem.  The d e c i s i o n -  
makers  may a c c e p t  t h i s  s o l u t i o n ,  b u t  i f  n o t ,  t h e  r e f e r e n c e  p o i n t  
i s  changed and t h e  same p r o c e d u r e  w i l l  be f o l l o w e d .  A s i m p l e  
way s u g g e s t e d  by K a l l i o  e t  a 1  (1980)  t o  change  t h e  r e f e r e n c e  
p o i n t  i s  t o  a s k  e a c h  dec i s ion -maker  t o  move h i s  r e f e r e n c e  
Table  7.  I r r i g a t i o n  Areas and Water Loss C o e f f i c i e n t s  
f o r  F ive  A g r i c u l t u r a l  S i t e s  
Table  8 .  Maximum A t t a i n a b l e  Values f o r  Seven O b j e c t i v e s  
o f  Lower Level  Problem 
A g r i c u l t u r a l  s i t e  
I r r i g a t i o n  a r e a  i n  ha 
Water l o s s  c o e f f i c i e n t  
S  1 S2 Ld Ev KL 
974 440  309 8 2 0  8  9  7  
0 . 9  0 . 9  0 . 9  0 . 8  0 . 8  
* 
Water q u a l i t y  o b j e c t i v e s  iV and ;k a r e  exp re s sed  i n  t e r m s  of  i m =  
provement from t h e  wor s t :  i .e.  WV = 5 0 5 . 8  - GY and wk = 800 - w k .  
Table 9 .  Two Non-infer ior  S o l u t i o n s  of  Lower Level  Problem 
- v l  -k 
. W W 
4 0 3 . 0  5 2 1 . 4  
~.ia/ l  t o t a l  
phosphorus* 
Ob jec t i ve  
Maximumvalue 
Ys Y s 2  yLd yEv yKL 
3 9 . 3 9  3 9 . 2 1  3 8 . 5 5  3 4 . 0 0  3 2 . 8 1  
T - / 
ton/ha  
* Water q u a l i t y  o b j e c t i v e s  W v  and ;k a r e  exp re s sed  i n  terms of  
- v l -  - v l  -k improvement from t h e  wors t :  i . e .  w - 5 0 5 . 8  - 'ni and ik'= 8 0 0 - w  . 
I 
S o l u t i o n  
Value of  ob jec-  
t i v e  
1 
Attainment  
r a t i o  
Value of  ob jec-  
2  t i v e  
At ta inment  
r a t i o  i 
! 
I 
I 
O b j e c t i v e s  I 
Ys1 yS2 yLd y E ~  yKL / w v '  w -k 
ton/ha pg/ l  t o t a l  
phosphorus* 
2 9 . 3 3  2 9 . 6 6  2 9 . 1 7  2 5 . 7 7  2 4 . 9 3 1 3 5 3 . 4  3 9 4 . 7  
0 . 7 5 7  0 . 7 5 6  0 . 7 5 7  0 . 7 5 8  0 . 7 6 0  
2 9 . 9 8  2 8 . 8 1  2 8 . 3 4  2 6 . 7 0  2 5 . 8 3  
0 . 7 3 6  0 . 7 3 5  0 . 7 3 5  0 . 7 8 5  0 . 7 8 7  
0 . 8 7 7  0 . 7 5 7  
3 6 9 . 3  3 9 6 . 1  
0 . 9 1 6  0 . 7 6 0  
o b j e c t i v e  l e v e l  towards t h e  s o l u t i o n  j u s t  o b t a i n e d ,  a t  l e a s t  
some f r a c t i o n  B ( o  < B < 1 )  o f  t h e  e n t i r e  d i s t a n c e  between t h e  
- 
s o l u t i o n  and t h e  o r i g i n a l  r e f e r e n c e  l e v e l .  
I t  may b e  u s e f u l  f o r  t h e  decis ion-makers  t o  see more d e t a i l s  
o f  t h e  s o l u t i o n  o b t a i n e d  i n  o r d e r  t o  de t e rmine  i f  t h e  s o l u t i o n  
i s  a c c e p t a b l e ,  o r  i f  n o t ,  how t h e  r e f e r e n c e  l e v e l s  shou ld  be 
changed. I n  Tab le  10, s o i l  mo i s tu r e ,  e v a p o t r a n s p i r a t i o n ,  
m o i s t u r e  d e f i c i t  and i r r i g a t i o n  r a t e  i n  e ach  p e r i o d ,  r a t e  o f  
f e r t i l i z e r  a p p l i c a t i o n  and t h e y i e l d  p e r  h e c t a r e  a r e  g iven  f o r  
e a c h  a g r i c u l t u r a l  u s e r ,  and w a t e r  q u a l i t y  a t  VombsjBn and t h e  
downstream Kavl inge  i n  each  p e r i o d  i s  a l s o  g iven .  The r e s u l t s  
show, f o r  i n s t a n c e ,  t h a t  a g r i c u l t u r a l  u s e r  S1 a p p l i e s  1 17 mrn o f  
w a t e r  f o r  i r r i g a t i o n  i n  p e r i o d  1 t o  o b t a i n  maximum s o i l  m o i s t u r e  
i n  p e r i o d  2, which i s  t h e  most c r u c i a l  p e r i o d  f o r  c r o p  y i e l d ,  
and 32 mm and 8 mm i n  t h e  subsequen t  p e r i o d s ;  33.2 kg/ha o f  
t o t a l  phosphorus i s  a l s o  a p p l i e d  d u r i n g  t h e  season  t o  o b t a i n  
e v e n t u a l l y  t h e  c r o p  y i e l d  29.8 ton/ha .  
The downstream a g r i c u l t u r a l  u s e r s  Ev and KL canno t  app ly  
f e r t i l i z e r ,  and Ev can n o t  even i r r i g a t e ,  s i n c e  combined e f f e c t s  
o f  f e r t i l i z a t i o n  and i r r i g a t i o n  on wa t e r  q u a l i t y  a t  c o n t r o l  
p o i n t  downstream of  Kavl inge  r i v e r  a r e  much more s i g n i f i c a n t  
f o r  t h e s e  a g r i c u l t u r a l  u s e r s  than  t h e  ups t ream u s e r s .  The 
a g r i c u l t u r a l  u s e r s  Ev and KL may f i n d  such  a  s o l u t i o n  u n f a i r .  
I n  t h e  n e x t  s t e p  t h e r e f o r e ,  Ev and KL move t h e i r  r e f e r e n c e  
o b j e c t i v e  l e v e l s  o n l y  40% towards t h i s  s o l u t i o n ,  w h i l e  t h e  
ups t ream a g r i c u l t u r a l  u s e r s  S1, S2 and Ld a r e  r e q u i r e d  t o  move 
60% o f  t h e  e n t i r e  d i s t a n c e  between t h e  s o l u t i o n  and t h e  o r i g i n a l  
r e f e r e n c e  p o i n t ;  r e c r e a t i o n a l i s t s  V and K move t h e i r  r e s p e c t i v e  
o b j e c t i v e  l e v e l s  by 50% o f  t h e  e n t i r e  d i s t a n c e .  
Values of seven o b j e c t i v e s  and a t t a i n m e n t  r a t i o s  f o r  t h e  
second s t e p  s o l u t i o n  a r e  g iven  i n  t h e  l a s t  two rows o f  Tab le  9 .  
D e t a i l s  summarized i n  Tab le  1 1  show t h a t  t h e  downstream a g r i c u l -  
t u r a l  u s e r s  Ev and KL cannow app ly  bo th  i r r i g a t i o n  and f e r t i l i z a -  
t i o n  i n  a  modest d eg r ee  t o  i n c r e a s e  t h e i r  c r o p  y i e l d s  a s  a  r e s u l t  
o f  reduced f e r t i l i z a t i o n  by ups t ream a g r i c u l t u r a l  u s e r s .  They 
can  f u r t h e r  improve t h e i r  p roduc t i on ,  i f  t hey  succeed i n  
m a n i p u l a t i n g  n e x t  moves o f  t h e  r e f e r e n c e  o b j e c t i v e  l e v e l s  i n  
t h e i r  f a v o r .  

T a b l e  1 1 .  D e t a i l s  o f  S o l u t i o n  2 ( i n  T a b l e  9 )  o f  Lower L e v e l  P r o b l e m  
C r o p  y i e l d  S o i l  m o i s t u r e  
mm 
E v a p o t r a n s p i r a -  
t i o n  
mm 
1  2 3 
M o i s t u r e  d e f i c i t  I r r i q a t i o n  
r a t e  
mm 
1 2 3  
F e r t i l i z a -  
t i o n  
k g / h a  
A g r i c u l t u r a l  
c!.~ t e r  u s e r  
Water q u a l i t y  
[ ~ 9 , ' l  
t o t a l .  
I p h o s o h o r u s  1 
Time p e r i o d  
1  2 3 
Summary and Conclusions  
The water  r e sou rce  a l l o c a t i o n  problem i n  Western ~ k 8 n e ,  
Sweden, formulated i n  S e c t i o n s  V and V I  a s  a  two-level  mul t i -  
o b j e c t i v e  program, was so lved  i n  t h i s  s e c t i o n .  The example 
i l l u s t r a t e s  how t h i s  model can  be so lved  us ing  r e f e r e n c e  objec-  
t i v e  methods. The upper l e v e l  problem d e a l i n g  w i t h  t h e  r e g i o n  
a s  a  whole w a s  so lved  us ing  t h e  procedure  c a l l e d  STEM, which 
i d e n t i f i e s  a  compromise s o l u t i o n  i n  a  r e l a t i v e l y  sma l l  number 
of  i t e r a t i o n s .  A s  an example o f  t h e  lower l e v e l  problems,  t h e  
Kavlinge r i v e r  b a s i n  model was so lved  us ing  a  s o l u t i o n  from t h e  
upper l e v e l  a s  i n p u t s .  A p a r t i c u l a r  p e n a l t y  s c a l a r i z i n g  func- 
t i o n  was used wi th  r e a s o n a b l e  r e s u l t s .  
The example s t u d i e d  h e r e  a l s o  i n d i c a t e s  t h e  f e a s i b i l i t y  o f  
implementing t h e  model by i n t e r a c t i o n s  w i th  m u l t i p l e  dec i s ion -  
makers. With t h i s  r e s p e c t ,  an  obvious advantage o f  a r e f e r e n c e  
o b j e c t i v e  method i s  i n  i ts  s i m p l i c i t y .  F i r s t ,  d i a l o g u e s  between 
decision-makers and a  p l anne r  t o  r e v e a l  t h e i r  " p r e f e r e n c e s "  a r e  
r a t h e r  s imple;  t h e  decision-makers can t h i n k  i n  t e r m s  of  r e a l  
v a l u e s  of  o b j e c t i v e s  and s p e c i f y  a  d e s i r e d  l e v e l  f o r  each 
o b j e c t i v e  o f  concern.  When m u l t i p l e  decision-makers a r e  i nvo lved ,  
t h e i r p r e f e r e n c e s  may be aggrega ted  i n  a  s i m p l e r  and more n a t u r a l  
way f o r  r e f e r e n c e  o b j e c t i v e  methods than  o t h e r  k i n d s  of  mu l t i -  
o b j e c t i v e  methods. 
Another advantage of  u s ing  a  r e f e r e n c e  o b j e c t i v e  method is 
f l e x i b i l i t y  t h a t  it  a l lows  i n  implementing m u l t i - o b j e c t i v e  
models. S ince  decision-makers do n o t  know i n  advance t h e  range 
o f  f e a s i b l e  s o l u t i o n s  o r  even t h e i r  own p r e f e r e n c e s ,  implementa- 
t i o n  of a  m u l t i - o b j e c t i v e  model has t o  proceed i n  a s t epwise  
manner, and a t  each s t e p  t h e  model has  t o  be modif ied t a k i n g  
account  of  i n fo rma t ion  o b t a i n e d  from t h e  decis ion-makers  . Mu1 ti- 
o b j e c t i v e  methods should  a l s o  a l low f o r  changes i n  d e c i s i o n -  
makers p r e f e r e n c e s  d u r i n g  t h e  i t e r a t i v e  procedure  t h a t  may 
occur  a s  a  r e s u l t  o f  l e a r n i n g  and i n t e r a c t i o n  among themselves .  
A few more p o i n t s  s p e c i f i c  t o  t h e  example s t u d i e d  h e r e  a r e  
noted.  F i r s t ,  it w a s  shown by t h e  upper l e v e l  problem t h a t  
amounts of  wate r  drawn from t h r e ?  a l t e r n a t i v e  sou rces  - Vornbsjdn, 
Ringsjdn and Bolmen - vary depending on r e l a t i v e  weight  g iven 
t o  e a c h  o b j e c t i v e  o f  upper  l e v e l  problem. I f  more emphasis  i s  
p l a c e d  on r e g u l a t i o n  o f  w a t e r  l e v e l  i n  Vombsjdn and Rings jdn f o r  
r e c r e a t i o n a l  purposes  o r  on i n c r e a s i n g  r e l e a s e  from t h e s e  l a k e s  
f o r  downstream u s e r s  (mos t ly  a g r i c u l t u r a l ) ,  more w a t e r  i s  
i n t r o d u c e d  from Bolmen, a l t h o u g h  t h i s  s o u r c e  i s  i n f e r i o r  from 
t h e  v iewpoin t  o f  t h e  c o s t  o b j e c t i v e .  
Secondly ,  a  c l a s s i c a l  problem o f  upstream/downstream con- 
f l i c t s  was c l e a r l y  i l l u s t r a t e d  by t h e  lower  l e v e l  problem. A 
p o s s i b l e  way s u g g e s t e d  by t h i s  example t o  r e s o l v e  such  c o n f l i c t s  
i s  t o  a d j u s t  moves o f  r e f e r e n c e  o b j e c t i v e  l e v e l s  a t  each  i t e r a -  
t i o n .  
The t h i r d  p o i n t  i l l u s t r a t e d  by t h e  example i s  t h a t  a l t h o u g h  
d i a l o g u e s  between dec i s ion-makers  and a  p l a n n e r  t a k e  p l a c e  i n  
o b j e c t i v e  s p a c e ,  more d e t a i l e d  i n f o r m a t i o n  on each  s o l u t i o n  
o b t a i n e d  s h o u l d  a l s o  be  p r e s e n t e d  t o  t h e  dec i s ion-makers  i n  
o r d e r  t o  e n a b l e  them t o  make u n e r r i n g  d e c i s i o n s  c o n c e r n i n g  
a c c e p t a b i l i t y  o f  t h e  s o l u t i o n .  For i n s t a n c e ,  t h e  f i r s t  s o l u t i o n  
o f  t h e  lower  l e v e l  problem a p p e a r s  t o  be  w e l l  ba lanced  w i t h  
r e s p e c t  t o  a t t a i n m e n t  r a t i o s  o f  o b j e c t i v e s ,  b u t  some d e c i s i o n -  
makers may c l a i m  it u n f a i r  by l o o k i n g  a t  what t h a t  s o l u t i o n  
i m p l i e s  i n  terms o f  t h e i r  own a c t i v i t i e s .  
V I I I .  USES OF THE MODEL AND POSSIBLE EXTENSIONS 
A t y p i c a l  use  o f  t h e  two l e v e l  m u l t i - o b j e c t i v e  w a t e r  
a l l o c a t i o n  model s t u d i e d  i n  t h i s  paper  may be v i s u a l i z e d  a s  
f o l l o w s .  A t  t h e  b e g i n n i n g  o f  a  d r y  s e a s o n ,  a l l  t h e  i n d e p e n d e n t  
w a t e r  u s e r s  s i t  t o g e t h e r  t o  d e t e r m i n e  b a s i c  r u l e s  f o r  o p e r a t i n g  
Vomb, Ring and Bolmen sys tems  j o i n t l y .  The upper  l e v e l  model 
w i l l  be m o b i l i z e d  u s i n g  a p p r o p r i a t e  d a t a  t o  g e n e r a t e  informa- 
t i o n  on p h y s i c a l  p o s s i b i l i t i e s  o f  t h e  sys tem,  which v a r y  
depending on m e t e o r o l o g i c a l  and o t h e r  c o n d i t i o n s  i n  a  p a r t i c u l a r  
y e a r ,  and t h e  t o t a l  c o s t  o f  sys tem o p e r a t i o n  i s  a l s o  computed. 
The w a t e r  u s e r s  w i l l  e v a l u a t e  a l t e r n a t i v e  o p e r a t i n g  p o l i c i e s  
i n  t h e  l i g h t  o f  t h e i r  own o b j e c t i v e s .  T h e i r  c o n f l i c t i n g  i n t e r e s t s  
can  be a d j u s t e d  w i t h  t h e  a i d  o f  lower  l e v e l  models l i k e  t h e  one  
s t u d i e d  h e r e  f o r  Kavl inge  r i v e r  b a s i n .  
The model can a l s o  be used f o r  longer-range p l ann ing  i f  
some normative mechanism which accords  w i th  e x i s t i n g  o r  proposed 
i n s t i t u t i o n a l  arrangements i s  i nco rpo ra t ed  i n t o  t h e  lower l e v e l  
models. For i n s t a n c e ,  it may provide g u i d e l i n e s  f o r  p e r m i t t i n g  
new water  r i g h t s  t o  a g r i c u l t u r a l  u s e r s  i n  an e q u i t a b l e  way and 
a l s o  i n  a  way compat ible  w i t h  r e c r e a t i o n a l  a c t i v i t i e s .  Such a  
s p e c i f i c a t i o n  o f  e q u i t y  o r  reasonableness  i s  p a r t l y  r e f l e c t e d  
i n  s e l e c t i o n  o f  a  p a r t i c u l a r  p e n a l t y  s c a l a r i n g  f u n c t i o n  t o  be 
used i n  r e f e r e n c e  o b j e c t i v e  approach t o  m u l t i - o b j e c t i v e  problems. 
N a t u r a l l y  u se fu lnes s  o f  t h e  model a s  a  p r a c t i c a l  p lanning  
t o o l  depends h e a v i l y  on how t o  s p e c i f y  each component o f  t h e  
model, which i n  t u r n  is  dependent on a v a i l a b i l i t y  o f  d a t a  f o r  
a  p a r t i c u l a r  r eg ion  of  concern.  With t h i s  r e s p e c t ,  t h e r e  e x i s t  
many l i m i t a t i o n s  i n  t h e  way t h e  model was so lved  i n  t h i s  paper 
f o r  Western ~ k s n e  r e g i o n ,  which mot iva te  f u r t h e r  e x t e n s i o n s .  
E s p e c i a l l y  improvements a r e  r e q u i r e d  i n  many a s p e c t s  d e s c r i b i n g  
a g r i c u l t u r a l  a c t i v i t i e s .  
F i r s t ,  more than one c r o p  need t o  be cons ide red  i n  combina- 
t i o n  w i t h  d i f f e r e n t  s o i l  t y p e s .  I r r i g a t i o n  and f e r t i l i z a t i o n  
p r a c t i c e  may be d i f f e r e n t  depending on each combinat ion.  
N a t u r a l l y  a  p roduc t ion  f u n c t i o n  has  t o  be e s t ima ted  f o r  each 
c r o p  t a k i n g  account  o f  s o i l  t ype ,  t oo .  
E f f e c t s  o f  i r r i g a t i o n  and f e r t i l i z a t i o n  on r e c e i v i n g  water  
bodies  have t o  be t r e a t e d  more c a r e f u l l y .  Su r f ace  run -o f f s  
from a g r i c u l t u r a l  a r e a s  a r e  f u n c t i o n  o f  s o i l  mo i s tu re ,  i r r i g a -  
t i o n  p r a c t i c e  and o t h e r  f a c t o r s .  Ni t rogen l e a c h i n g  from 
a g r i c u l t u r a l  a r e a s  and i t s  e f f e c t s  on groundwater may a l s o  be 
cons idered .  More than a  s i n g l e  wate r  q u a l i t y  parameter ,  non- 
c o n s e r v a t i v e  a s  w e l l  a s  c o n s e r v a t i v e ,  may have t o  be cons ide red  
t o  e v a l u a t e  t h e  e f f e c t s  o f  a g r i c u l t u r a l  a c t i v i t i e s  on r e c e i v i n g  
wate r .  Th i s  c a l l s  f o r  more s o p h i s t i c a t e d  modeling f o r  s u r f a c e  
wate r  and groundwater response .  
A b e t t e r  o b j e c t i v e  f o r  each a g r i c u l t u r a l  wate r  u s e r  i s  
n e t  b e n e f i t s  r a t h e r  t han  c r o p  y i e l d  i t s e l f ,  s i n c e  i r r i g a t i o n  
and f e r t i l i z a t i o n  involve  c o s t s  and p r i c e s  f o r  c rops  may change 
i n  f u t u r e .  
Water-based r e c r e a t i o n a l  a c t i v i t i e s  depend n o t  on ly  on 
water  q u a l i t y  b u t  a l s o  on many o t h e r  f a c t o r s .  A model t o  r e l a t e  
d i f f e r e n t  f a c t o r s  t o  a  more commensurable o r  composite measure 
t o  r e p r e s e n t  t he  r e c r e a t i o n a l  a c t i v i t i e s  may be d e s i r a b l e .  Con- 
s i d e r a t i o n  of e f f e c t s  o f  r e c r e a t i o n a l  a c t i v i t i e s  on r e c e i v i n g  
wate r  may a l s o  be necessary .  
The e n t i r e  model h inges  on q u a l i t y  of hydro log ic  d a t a .  
C h a r a c t e r i z a t i o n  of  s t reamflow and i n t e r f l o w  by r a i n f a l l - r u n o f f  
ana lyses  and s y n t h e t i c  hydrology may h e l p  i n  t h i s  r e s p e c t .  The 
upper l e v e l  problem can be so lved  r epea t ed ly  w i th  va r ious  com- 
b i n a t i o n s o f  in f low t i m e - s e r i e s  f o r  VombsjBn and Ringsjdn.  This  
a, l lows t o  i n c o r p o r a t e  d i f f e r e n t  l e v e l s  of  hyd ro log ic  u n c e r t a i n t y  
i n t o  t h e  model. I n  t h i s  connec t ion ,  more e x p l i c i t  i n t r o d u c t i o n  
o f  r i s k - r e l a t e d  o b j e c t i v e s  ( e . g .  r e l i a b i l i t y ,  r e s i l i e n c e  and 
v u l n e r a b i l i t y )  may be a p p r o p r i a t e .  
Other lower l e v e l  problems have t o  be formulated and so lved  
i n  a p p r o p r i a t e  ways t o  complete t h e  a n a l y s i s  o f  t h e  r e g i o n a l  
wate r  r e sou rce  a l l o c a t i o n .  Rdnne r i v e r  b a s i n  problem may be 
formulated i n  t h e  s i m i l a r  way a s  t h e  KAvlinge r i v e r  bas in  
problem s t u d i e d  i n  t h i s  paper .  
The municipal  s e c t o r  may be t r e a t e d  s e p a r a t e l y  on t h e  lower 
l e v e l  from a g r i c u l t u r a l  and r e c r e a t i o n a l  s e c t o r s .  Th i s  i s  jus-  
t i f i e d  i n  t h e  c a s e  of  Western ~ k g n e ,  s i n c e  municipal  wate r  uses  
do n o t  i n t e r a c t  much w i t h  o t h e r  uses except  through water  
q u a n t i t y  i n  Vombsjdn and Ringsjdn,  which i s  d e a l t  w i t h  by t h e  
upper l e v e l  problem. A major a l l o c a t i o n  problem concerning 
t h e  municipal  wate r  u s e r s  is  how t o  a l l o c a t e  t o t a l  c o s t s  o f  
system ope ra t ion .  Other  r e l e v a n t  s t u d i e s  a r e  a v a i l a b l e  f o r  
t h i s  gene ra l  problem ( s e e ,  f o r  example, Young e t  a 1  1 9 8 0 ) .  
However, i f  f o r  i n s t a n c e ,  i t  t u r n s  o u t  du r ing  t h e  implementa- 
t i o n  of t h e  upper l e v e l  problem t h a t  a t t a inmen t  o f  t h e  c o s t  
o b j e c t i v e  cannot  be brought  down t o  a  s a t i s f a c t o r y  l e v e l ,  o r  i f  
o t h e r  o b j e c t i v e s  cannot  be s a t i s f i e d  f u l l y  w i thou t  d r i v i n g  t h e  
c o s t  o b j e c t i v e  t o  an u n s a t i s f a c t o r y  l e v e l ,  t h e  upper l e v e l  
problem i t s e l f  has  t o  be modified by r e l a x i n g  c e r t a i n  r equ i r e -  
ments t h a t  c o n s t i t u t e  t h e  c o n s t r a i n t  s e t  of  t h e  upper l e v e l  
problem. One way is  t o  s u p p r e s s  wa t e r  demand f o r  munic ipa l  
u s e s  by u s i n g  a p p r o p r i a t e  measures ( K i n d l e r ,  Maidment and Gouevsky, 
1 9 8 0 ) .  I f  t h i s  o p t i o n  can  be d e f i n e d  i n  s p e c i f i c  t e r m s ,  it cou ld  
a s  w e l l  be i n c o r p o r a t e d  fo rma l ly  i n  t h e  upper l e v e l  problem. 
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